Chapter 6
Turbine-Based Engines: Turbojet, Turbofan,
and Turboramjet Engines

6.1 Introduction

Turbine-based cycle engines (or gas turbine) together with athodyd engines repre-
sent the two main categories of reaction engines; refer to Fig. 4.1. Athodyd engines
are analyzed in Chap. 5, while gas turbine engines will be analyzed in this chapter.
The main difference between athodyd and turbine engines is the presence of
turbomachines or rotating modules in turbine engines. There are five main types
of gas turbine engines; namely: turbojet, turbofan, advanced ducted fan, turbo-ram,
and turbo-rocket. In this chapter only three engines will be treated, namely,
turbojet, turbofan, and turboramjet engines. Turbo-rocket engines will be analyzed
in late chapters handling rockets.

Aircraft designers have always been limited by the efficiency of the available
power plants. Their constant endeavor is to achieve higher thrust, lower
fuel consumption, less weight, smaller frontal area, and better cooling
characteristics [1].

Both piston engine and gas turbine engine are internal combustion engines. In
both, air is compressed, fuel added, and the mixture ignited, and the rapid expansion
of the resultant hot gas produces the power or thrust. However, combustion in a
piston engine is intermittent, and the expanding gas produces shaft power through a
piston and crank shaft arrangements, Chap. 4, whereas in a jet engine combustion is
continuous and its power results from expanding gas being forced out of the rear of
the engine as described in Chap. 5 and the present chapter.

Jet engines overcome the many drawbacks of piston engines particularly for
higher-power engines. Comparison between turbine and reciprocating (piston)
engines having the same power will be given hereafter [2].

Advantages of gas turbines over piston engines are:

Turbine engines have higher-power-to-weight ratio.
Turbine engines need less maintenance per flying hour.
Turbine engines have less frontal area and consequently less drag force.
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Turbine engines do not need any oil dilution or engine preheating before starting.
Turbine engines have lower rates of oil consumption.

Advantages of piston engines over gas turbines are:

Piston engines are less exposed to foreign object damage.

Piston engines have faster acceleration rates compared to turbine engines.

Piston engines have less operating temperature.

Piston engines have lower fuel consumption specially for low flight speeds.
Piston engines have much less initial costs compared to turbine engines.

6.2 Turbojet

6.2.1 Introduction

The turbojet is the basic engine of the jet age. It resembles the simplest form of gas
turbine. It was separately coinvented by the two fathers of jet engines: Frank
Whittle from Britain and von Ohain from Germany. The first airplane powered
by a turbojet engine was the He178 German aircraft powered by the He S-3 engine
on August 27, 1939. Based on von Ohain work, the German engine Junker Jumo
004 was later developed. It was the world’s first turbojet engine in production and
operational use as well as the first successful axial compressor jet engine ever built.
Some 8000 units were manufactured by Junkers in Germany during late World War
IT which powered several aircrafts including Messerschmitt Me 262 jet fighter,
Arado Ar 234 jet reconnaissance/bomber, and prototypes of the Horten Ho 229.
Frank Whittle in England having no knowledge of Ohain’s engine built his W.1
turbojet engine which powered the Gloster E28/39 aircraft. Turbojets are rarely
flying today due its disadvantage of high noise levels and drastic fuel consumption.
Examples for the still flying turbojets powering civil transports are GE CJ610-
Learjet 25 series, P&W JT12 Sabre 40, and JetStar Dash 8. Turbojet engines still
power old military fighters, cruise and antiship missiles, as well as turboramjet
engines. Examples for cruise missiles are AGM-109C/H/I/J/K/L and Microturbo
TRI 60, while 3M-54 Klub is an example for antiship missiles and J58 turboramjet
engine powering SR-71 aircraft.

As described in Chap. 5, both ramjet and scramjet engines cannot develop
takeoff thrust. To overcome this disadvantage, a compressor is installed in the
inlet duct so that even at zero flight speed, air could be drawn into the engine. This
compressor is driven by the turbine installed downstream of the combustion
chamber and connected to the compressor by a central shaft. Addition of these
two rotating parts or modules (compressor and turbine) converts the ramjet into a
turbojet. The three successive modules, compressor, combustion chamber, and
turbine, constitute what is called gas generator (Fig. 6.1). The air is squeezed in
the compressor to many times its normal atmospheric pressure and then forced into
the combustion chamber. Fuel is sprayed into the compressed air, ignited, and
burnt continuously in the combustion chamber. This raises the temperature of the
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Fig. 6.1 Layout of single- and dual-spool turbojet engine. (a) Single-spool centrifugal flow
compressor. (b) Single-spool axial flow compressor. (¢) Double-spool axial flow compressor

fluid mixture to about 600°-800 ° C. The resulting burning gases expand rapidly
rearward and pass through the turbine, which drives the compressor. The turbine
extracts energy from the expanding gases to drive the compressor. If the turbine and
compressor are efficient, the pressure at the turbine discharge will be nearly twice
the atmospheric pressure, and this excess pressure is sent to the nozzle to produce a
high-velocity stream of gases. These gases bounce back and shoot out of the rear of
the exhaust, thus producing a thrust propelling the plane. This five-module engine
(intake, compressor, combustion chamber, turbine, and nozzle) is identified as a
single-spool turbojet engine.

Substantial increases in thrust can be obtained by employing an afterburner or an
augmenter. It is a second combustion chamber positioned between the turbine and



406 6 Turbine-Based Engines: Turbojet, Turbofan, and Turboramjet Engines

Turbojet Engines

v v

Nuclear Non-nuclear
Afterburning Nonafterburning

v v

Single-spool

Double-spool

v v v

Axial-Flow compressor Centrifugal-Flow Axxal—Centnfjugal
compressor(s) compressor(s)
Single-entry Double-entry

Fig. 6.2 Classification of turbojet engines

the nozzle, which is normally employed in military aircrafts. Moreover, for civil
transport, the thrust force may be increased by adding a second spool (or a second
set of compressor—turbine combination). Figure 6.1 illustrates two layouts for a
single-spool turbojet using either an axial or centrifugal compressors while a third
layout for a double-spool engine.

Classification of turbojet engines [1] is shown in Fig. 6.2. Turbojet engines may
be a nuclear or nonnuclear engine. In the late 1940s and through the 1950s [3],
preliminary work was done on developing nuclear-powered rockets and jet engines.
In nuclear turbojet engine, a liquid metal is heated by the reactor which passes
through a heat exchanger in the combustion chamber.

Both US and USSR nuclear programs developed the American “Crusader”
NB-36, version of

B-36 [4], as well as the Russian Tupolev Tu-95 LAL [5]. Both programs were
ultimately cancelled due to technical difficulties and growing safety concerns as
catastrophic atomic radiation might be encountered in case of crashes/accidents of
such nuclear airplanes.
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Other classifications for turbojet engines may be afterburning or
non-afterburning. Afterburning (or reheat) is a method of augmenting the basic
thrust of an engine to improve the aircraft takeoff, climb, and (for military aircraft)
combat performance.

Afterburner is another combustion chamber added between the turbine and the
nozzle that utilizes the unburnt oxygen in the exhaust gas to support combustion.
The increase in the temperature of the exhaust gas increases the velocity of the
exhaust gases leaving the nozzle and therefore increases the engine thrust by 40 %
at takeoff and a much larger percentage at high speeds once the plane is in the air.

A third classification of the turbojet engines is based on their number of spools.
Turbojets may be single- or two (sometimes identified as double or dual)-spool
engines. A single-spool turbojet has one shaft with a compressor and a turbine
mounted at either shaft ends, while a two-spool engine has two concentric shafts as
well as two compressors and turbines. The first compressor next to the intake is
identified as the low-pressure compressor (LPC) which is driven by the
low-pressure turbine (LPT). Both together with their shaft are denoted as the
low-pressure spool. The high-pressure compressor (HPC) is situated downstream
of the low-pressure compressor. Also this compressor is driven by the high-pressure
turbine (HPT). Both are coupled by the high-pressure shaft (which is concentric
with the low-pressure shaft) and constitute the modules of the high-pressure spool.
Figure 6.1 illustrates the layout and modules of the single- and double-spool
turbojet engines.

The single-spool engine may be further classified based on the type of compres-
sor employed. The compression section may be composed of either a single or
double compressors. Moreover, the compressor may be of the axial or centrifugal
(radial) type. A single axial or centrifugal compressor is seen in some turbojets. In
other cases two compressors assembled in series are found. These compressors may
be either two centrifugal compressors or an axial compressor followed by a
centrifugal compressor.

Lastly, this classification closes by the type of entry associated with the two
centrifugal compressors case. Centrifugal compressors may have either a single or
double entries if they were assembled in a back-to-back configuration.

6.2.2 Milestones of Turbojet Engines

Appendix B summarizes important milestones along the history of turbojet engines
in both civil and military applications.

6.2.3 Thermodynamic Cycle Analysis of a Single Spool

Single-spool turbojet engine is composed of five modules, namely, intake (or inlet),
compressor, combustion chamber, turbine, and nozzle. Afterburning turbojet
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incorporates a sixth module, namely, afterburner. Intake, combustion chamber,
afterburner (if included), and nozzle are stationary elements, whereas compressor
and turbine are rotating elements. Generally, in aero engines and gas turbines, two
types of compressors and two types of turbines are found. These are the centrifugal
and axial flow compressors (which will be analyzed in Chap. 9) and radial and axial
turbines (will be analyzed in Chap. 10). Centrifugal compressor was used in both first
engines of von Ohain and Whittle. The axial flow type has several stages of alternate
rotating and stationary airfoil blades which can achieve compression ratios in excess
of 40:1. Axial turbine consists of one or more stages of alternate stationary and
rotating airfoil-section blades. The turbine extracts energy from the hot exhaust gases
to drive the compressor. Radial turbines are found in small gas turbines like APU.

The characteristics of the engine that must be known in advance are flight speed
(or Mach number), flight altitude, compressor pressure ratio, turbine inlet temper-
ature (TIT) and maximum temperature of the cycle (if the afterburner is operative),
type of nozzle (convergent or convergent—divergent), and fuel lowest heating value.
Percentage of bled air as well as the power delivered to drive accessories and any
aircraft systems must be also specified. Component efficiencies of all modules and
pressure drops in stationary modules (inlet, combustor, and afterburner) must also
be known. When the cycle is assumed ideal, then all efficiencies are assumed unity
(or hundred percent) and all pressure drops are assumed zeros.

Figure 6.3 illustrates a layout with its designation points (Fig. 6.3a) as well as
thermodynamic cycle (T-s diagram) for a single-spool turbojet with inoperative
afterburner (Fig. 6.3b) and with operative afterburner (Fig. 6.3c).

The cycle different processes are described here:

—(1): air flows from far upstream (where the velocity of air relative to engine is the
flight velocity) up to the intake, usually with some deceleration during cruise and
acceleration during takeoff (the process is always ideal where: Ao, = hg1).

(1)—(2): air flows through the inlet (or intake) and ducting system up to the
compressor inlet. Since this element is always considered as a diffuser, the air
velocity is decreased.

(2)—(3): air is compressed in a dynamic compressor.

(3)—(4): air is heated by mixing and burring of fuel within the combustion chamber.

(4)—(5): products of combustion are expanded through a turbine to obtain power to
drive the compressor.

(5)-(6): gases may or may not be further heated if the afterburner is operative or
inoperative.

(6)—(7): gases are accelerated and exhausted through the exhaust nozzle.

If the engine is not fitted with afterburner, then states 5 and 6 are coincident. The
amount of mass flow is usually set by flow choking in the nozzle throat.
The following remarks may be listed:

1. All components are irreversible but they are adiabatic (except burners); thus,
isentropic efficiencies for the intake, compressor, turbine, and nozzle are
employed.
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Fig. 6.3 Single-spool turbojet engine. (a) Schematic diagram. (b) T-s diagram of actual cycle

with inoperative afterburner. (¢) T-s diagram of actual cycle with operative afterburner
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2. Friction in the air intake (or diffuser) reduces the total pressure from its free-
stream value and increases its entropy. At the intake outlet, the total temperature
is higher than the isentropic case, while the total pressure is smaller than the
isentropic case which depends on the intake or diffuser efficiency (7).
Depending on flight Mach number, the diffuser efficiency ranges as
(0.7 <n,<0.9). The specific heat ratio (y =1.4). More details about intakes
will be given in Chap. 8.

3. The compression of the air in the compressor increases temperature, pressure,
and entropy due to irreversibilities of this process. Such increase in temperature
depends on the compressor efficiency (7.) which ranges from 0.85 to 0.90, while
the specific heat ratio (y = 1.37). A portion of the compressed air is utilized in
cooling the turbine disks, blades, and the supporting bearings through an air
bleed system. Thus, the air mass flow rate in the succeeding modules is some-
what smaller than that entering the compressor.

4. The burners are not simple heaters and the chemical composition of the working
fluid changes during combustion process. The larger the fuel-to-air ratio (f) the
greater is the deviation in the chemical composition of the products of combus-
tion from that of the air. Losses in the combustion process are encountered due to
many factors including imperfect combustion, physical characteristics of the
fuel, as well as thermal losses due to conduction and radiation. Such losses are
handled by introducing the burner efficiency (7,,), where: 0.97 <, <0.99.
Pressure drop due to skin friction and pressure drag in the combustors (normally
3-6 % of the total pressure of the entering air) must be also taken into account.

5. The expansion process in turbine is very nearly adiabatic. However, due to
friction an increase in the entropy is encountered. Moreover, the outlet temper-
ature is higher than that of the isentropic case. Thus, the available power from
the turbine is less than that in the isentropic case. The expansion process is
associated with the turbine efficiency (5,), where: 0.90 <5, < 0.95 and specific
heat ratio. The specific heat ratio (y = 1.33).

6. The afterburner is similar to the burner. This added fuel is much greater than that
added in combustion chamber (burner). Losses in the afterburner are also due to
imperfect combustion and thermal losses due to conduction and radiation. Such
losses are handled by introducing the burner efficiency (7,,), where:
0.97 <14, <0.99. Also a total pressure drop is encountered ranging between
3 and 6 %.

7. Finally, the expansion process in the nozzle is similar to that in the turbine and
influenced by skin friction. It is also governed by the adiabatic efficiency (1,),
where: 0.95 <#,, < 0.98. The specific heat ratio y = 1.36

It is here worth mentioning that air/gas velocities within the gas generator is
ignored. The velocities at the inlet to intake and outlet of nozzle are only calculated.
The different processes through the engine modules are described again here.

1. Intake

During cruise, the static pressure rises from (a) to (1) outside the intake and from
(1) to (2) inside the intake. The air is decelerated relative to the engine. Since the
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velocity at (2) is assumed to be zero and the deceleration is adiabatic, then the total
or stagnation pressure at states (0) and (1) are equal and greater than its value at
state (2).

The stagnation temperatures for states (a), (1), and (2) are equal and independent
from any losses:

Tor =To1 = Toa = Ta<1 +}/;1MZ> (6.1)

Outside the engine, the total pressure remains constant; thus:
Poi =Py, =P, (1 + %W)ﬁ (6.2)
The pressure recovery within the inlet may be given; thus, the outlet pressure is

obtained from the relation:

Pox

= P, (6.3a)

rd

Alternatively, the efficiency (#,) of the inlet (also denoted as intake or diffuser) is
given. The outlet pressure will be given by:

Yc

—1 re—T
Po» =P, (1 + n/fTMj> (6.3b)
2. Compressor

From state (2) to (3), an irreversible adiabatic compression process takes place,
which is associated with the isentropic efficiency of the compressor (7). Thus, with
known pressure ratio (zc), the pressure and temperature at the outlet of the
compressor are evaluated from the relations:

Py = Py X 7, (6.4)

re—l
S
Tos =To2 <l TR > (6.5)

e

3. Combustion chamber

In combustion process, fuel is injected in an atomized form, evaporated, and
mixed with air. Spark plugs initiate the combustion process. The mass flow rate of
the burnt fuel is calculated from the energy balance of the combustion chamber:

(rq + mig) Cpj, Tos = maCp,Tos + nymyQp
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The temperature at the outlet of the combustors (inlet of turbine) is determined from
metallurgical limits set by the turbine blade material and is known as the turbine
inlet temperature (71T = T,) or turbine entry temperature (TET).

With f=ms/mg
then the fuel-to-air ratio is determined from the relation:

Cp,Tos — Cp, T
f= Pnlos Pclo3 (6.6)
1,9r — CppToa

The stagnation pressure at the outlet of combustion chamber, state (4), is less than
its value at the inlet, state (3), because of fluid friction. The pressure drop is either
given as a definite value or as a percentage. Thus, the outlet pressure from the
combustion chamber is expressed either as:

P04 = P03 — APCC (673)
or

Poy = Po3(1 — AP, %) (6.7b)

4. Turbine

The power consumed in the compressor is supplied by the turbine. If the ratio of
the power needed to drive the compressor to the power available in the turbine is
(4), then the energy balance for the compressor—turbine shaft is:

Here (4) is of the range 75-85 %. Thus, 15-25 % of the turbine power is used in
driving accessories, different actuators in the aircraft systems/cycles. The mechan-
ical efficiency (#,,) is equal or greater than 98 %. Thus, in terms of the temperature
differences:

Cp (Toz — To2) = A, (1 +£)Cpjy(Toa — Tos)
) T [(To) |
<TO4> : ﬁ'ﬂm(l +f)T04 T02 1 (68)

The outlet pressure is calculated considering the adiabatic efficiency of the turbine
(17,); thus:

Th

P 1/ Tos\]i
ﬁ:{ ——(1—ﬁ>} ' (6.92)
Pos n, Tos
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Then the turbine and compressor pressure ratios are related by:

<P05> i (Cp./Cpu)To2 (Po3> © (6.9b)
Pos A+ mmenTos | \Poz

Yh

Yool T
Or in general : T = {1 —A (ﬂc” - 1)} : (6.9¢)

Where : A — (Cp./Cpy)To
/1(1 +f)77m;7c"71T04

From equation (6.1)

Yh

Ll -1
(E) —J1_ (CPC/Cph)Ta (1 i r— 1M2) (@) 1
Poy A+ H)nunenToa 2 Po>

(6.9d)

5. Afterburner

If the jet engine is without an afterburner, then no work or heat transfer occurs
downstream of turbine, station (5). The stagnation enthalpy remains constant
throughout the rest of engine. However, if there is an afterburner, we have two
cases; either the afterburner is operative or inoperative.

(a) Inoperative afterburner

If the afterburner is inoperative (Fig. 6.3b), no further fuel is burnt, and the
stagnation (total) temperature at states (5) and (6) is equal or:

Tos = Tos (610)

Concerning the total pressure, a similar treatment to the combustion chamber is

considered. Thus, based on the value of the pressure drop within the afterburner due
to the skin friction and the drag from the flameholders:

P()6 = P()5 — APab (611&)

Or: Pos = Pos(1 — AP, %) (6.11b)

(b) Operative afterburner

For operative afterburner (Fig. 6.3c), a subscript (A) is added to the symbols of
the temperature and the pressure to denote operative afterburner. In this case an
additional amount of fuel is burnt which raises the temperature to (Tpga):

Tosa = Tmax (6.12)
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Fig. 6.4 Energy balance for afterburner

It may be higher than the turbine inlet temperature (71T). The reason for such a
higher temperature is that the downstream element is the nozzle, which is a
nonrotating part. Thus, the walls are subjected only to thermal stresses rather than
the combined thermal and mechanical stresses as in the turbine(s). The pressure at
the outlet of the afterburner will be also less than its value at the inlet. It is
calculated using Eq. (6.11a) and (6.11b) but Pygs replaces Pys. Conservation of
mass and energy are discussed with reference to Fig. 6.4.

There is an additional fuel quantity (#1,,) added and burnt in the afterburner.
Then conservation of mass within the afterburner is expressed by:

Me = Ns + N fab
Conservation of energy yields:

mshos + MM anQOr = Mehosa
115CpsTos5 + Nyt 10Qr = (115 + M gap) CpoaT 064
(14 £)CpsTos + upfsOr = (1 +f + f15)CpoaT 064

The afterburner fuel-to-air ratio is calculated from the relation:

Fo= (1 4+1)(Cpga Tosa — CpsTos) (6.13)
@ NarOr — CPeaTo6a

6. Nozzle
The two cases of inoperative and operative afterburner are again considered.
(a) Inoperative afterburner

A check for nozzle choking is performed first by calculating the critical pressure.
The critical pressure is obtained from the relation:

Pos _ 1

Yn
Pc 1 1! yn—1
N \nt1

(6.14)
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The critical pressure is then compared with the ambient pressure. If it is greater or
equal to the ambient pressure, then the nozzle is choked (M5 = 1). This means that
P, =P, and the nozzle outlet temperature (75) is then calculated from the relation:

(-

The exhaust velocity is then calculated as:

V7 = \/}/nRT7 (616)

On the other hand if the ambient pressure is greater than the critical pressure, then
the nozzle is unchoked, and the exhaust pressure is equal to the ambient pressure,
P;=P,, and the exhaust gases are determined from the relation:

rn=l
Vs = \/2Cp, (Tos — T7) = \/ 2Cp,n,Tos [1 - (P,,/POG)T} (6.17a)

2y, n,RT ta=
or V;= \/% [1 — (Pa/Pos) y,,l} (6.17b)

(b) Operative afterburner

The expansion process in the nozzle starts from state (06A) to state (7). The
critical pressure is calculated from the relation:

Poa _ 1 (6.18)
PC 1 1(ra=1 VI—L
T \ratl

If the nozzle is unchoked, the exhaust pressure will be equal to the ambient one. The
jet speed will then be:

=1
Vi = \/2Cpn’7nT06A {1 — (Pa/Posa) ™ } (6.19a)

If the nozzle is choked, then:

Vaab = \/ VuRT74 (6.19b)

A general relation for the exhaust speed (whether choked or unchoked) may be
obtained from Eq. (4.25) by replacing P, by P7; thus:

n=1
Viap = \/2Cpn77nT06A {1 - (P7/P06A)T} (620)
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Fig. 6.5 Block diagram for the single-spool afterburning turbojet engine

The previous processes in a single-spool turbojet engines can be illustrated by the
block diagram shown in Fig. 6.5 which displays flow information, input, and output
data.

6.2.4 Performance Parameters of a Single Spool

The two engine parameters defining the performance of engine are the specific
thrust and the specific fuel consumption. The specific thrust is expressed by the
relation:

ml: (L +f +fp)V7—V] +%(P7 —P,) (6.21)

The thrust specific fuel consumption (TSFC) is given by:

mf +mfab

TSFC = (6.22a)

Substituting from Eq. (6.21) to get:

TSFC = S - (6.22b)
(L+f +fp)V7 —V+2(P; —P)
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For inoperative afterburner, the same Eqgs. (6.21) and (6.22) are used, but the
afterburner fuel-to-air ratio f,,;, is set equal to zero.

6.2.5 Important Definitions

Designers and operators of aero engines normally use the below definitions in their
daily work.

(A) Exhaust gas temperature gauge (EGT)

Exhaust gas temperature is measured with a thermocouple-type pyrometer. By
monitoring EGT, the pilot can get an idea of the engine’s air-fuel ratio. At a
stoichiometric fuel-to-air ratio, the exhaust gas temperature is different than that
in a lean or rich fuel-to-air ratio. High temperatures (typically above 900 °C) can be
an indicator of dangerous conditions that can lead to catastrophic engine failure.

(B) Engine Pressure Ratio (EPR)

Engine pressure ratio (EPR) is the ratio of turbine discharge to compressor inlet
pressure. EPR is used as an indication of the amount of thrust being developed by a
turbine engine. An engine pressure ratio (EPR) gauge is used to indicate the power
output of turbojet (and turbofan) engines. Pressure measurements are recorded by
probes installed in the engine inlet and at the exhaust. Once collected, the data is
sent to a differential pressure transducer, which is indicated on a flight deck EPR
gauge. EPR system design automatically compensates for the effects of airspeed
and altitude. Changes in ambient temperature require a correction be applied to
EPR indications to provide accurate engine power settings

(C) Bleed

Bleed air in aircraft engine is a compressed air that can be taken from within the
engine, most often after the compressor stage(s) but before the fuel is injected in the
burners. Bleed air has high temperature and high pressure (typical values are
200-250 °C and 275 kPa). This compressed air is used in aircraft in many different
ways, deicing of wing leading edge, pressurizing the cabin, pneumatic actuators,
starting the remaining engines, and pressurizing lavatory water storage tanks.
Moreover, it is used in deicing of engine intake and cooling of turbine blades.

Example 6.1 A single-spool turbojet engine powers a military aircraft flying with a
Mach number (M) at an altitude where the ambient temperature is (7,). The
compressor pressure ratio is (z) and the turbine inlet total temperature is (7).
Assuming all the processes are ideal, constant air/gas properties (y, C},) and constant
(Tos), and (f~0), prove that the maximum thrust force is obtained when:

T - 1 2
= (1))

What will be the value at ground run (M =0)?
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Solution
Same state designation of Fig. 6.3 is used here. Air total temperature at the
compressor inlet is:

-1
Tor = Ta(l +r . M2)
The total temperature at the compressor outlet is:

r=1
Tz =n7Tp

Neglecting fuel-to-air ratio, assuming constant (C,), then the energy balance
between compressor and turbine yields:

Tos —Tos = Tozs — To

r=1
Tos =Tos — (Tozs — Ton) = Tos — Toz( 7= 1)

1 ,
Tos = Tos — T, <1+2M2>( 7—1)

V? =2Cp(Tos — T7)

~1
szZCp{T(M—T(l—k . M2>(7rr —1)—%}

The ratio between turbine inlet total temperature and exhaust static temperature is:

-1 71 71
T Po\7  (Pu\7  (PsPu\7T o 1
204 _ (104 — (198 — (103702 (1 _|_7/_M2
T, P P, Pox Py 2
—1 T
To4 — 1 —|— M? (7[ — 1) S S
2 27 (1+50m2)

Denoting 1 = 1 + ”;ZIMZ, then:

Vi=2Cp

r=1
T

- T
V2 = 2Cp {T(M T (;:7‘ - 1) _ L } (A)

The thrust force is:
=m((V;=V)

The thrust is a maximum when V5 is maximum.
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Differentiate equation (A) w.r.t. compressor pressure ratio (), then:

v, V1 _acp|ra(t1 () + r-1) Tu
on 4 4

T

For maximum thrust, then % =0.

—1 1 —1 1 T
w0 -(F)()(E)
Y v A)\g7
T N2 [ e -1 2
(ﬂ) = (;ﬁlx) = |:7z'rl (1 + MZH
T“ Maximum thrust 2

For ground run, M = 0; thus:

(Tm) = (22
Tﬂ Maximum thrust

Example 6.2 A single-spool turbojet engine powers a military aircraft flying with a
Mach number (M) at an altitude where the ambient temperature is (7,). The
compressor pressure ratio is (z) and the turbine inlet total temperature is (7).
Assuming all the processes are ideal, prove that the compressor pressure ratio is
expressed by the relation:

—1
Where : ,1:1+yTM2

Evaluate the compressor pressure ratio for the two cases: Ty, = 1200 and 1500 K:

Assuming : Cg = 38,300, f =0.02, M =0.8and T, =300 K
p

Assume (y = 1.4) = constant.

Solution
Energy balance in combustion chamber is expressed as:

mrQ = m,Cp(Tos — To3)
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Dividing by m,, then:

% = (Tos —To3)  (A)

The outlet total temperature to the compressor is:
Ts==x (5) T
_ y—1,5
Where T02 = Ta 1+ TM
= -1
Then  To; = 27T, (1 4 YTMz) (B)

From equations (A) and (B), then:

TO _.% (VTI)
T.(1 + 5 M?)

With y =1.4, Cp =1005 J/kg.K:

35
When Toq = 1200 K, then 7 = | 003800 ™ — 2 389,

35
When Tou = 1500 K, then 7 = | 50003800 ™ _ 15,03,

Example 6.3 A single-spool turbojet engine has an unchoked nozzle. The fuel-to-
air ratio is assumed negligible. Prove that when the thrust is a maximum, then:

V, =2V,
2
’7[7 = §

Solution
Since the nozzle is unchoked and the fuel-to-air ratio is negligible, thrust force is
expressed by the relation:
T = (Ve - V})
Where m = pViA;
Then T = pVA;(Ve — V)

Thrust is a maximum when 5% =0.
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Thus gzcz—prr+pA(n-w):o
Vs
_Vf + (Vf - Ve) =0

Ve =2V,
Propulsive efficiency for unchoked and negligible fuel-to-air ratio is expressed by:

2y 2
A A /A A

Example 6.4 A single-spool turbojet engine has an unchoked nozzle.
(A) It is required to prove that:

The thrust force assuming an ideal cycle is expressed by the relation:

1
T 2y (rrzeti— 1) 2
= »— 1) (1 —_ -1
PA, y—1“ )(+ﬁ{(n—n T,
T
Where, T = 04
T,

The energy balance between turbine and compressor (neglecting the fuel-to-air
ratio) yields the relation:

7(te — 1)
T

=1-—

The maximum thrust is attained if the temperature ratio across the compressor has
the value:

_Vu
Tr

Temax —

Zero thrust is generated if: 7. = 2
(B) Plot:

The relations % versus 7,

The relation % versus 7,

The temperature ratio across different modules is expressed as:

. _ Ty . . . _Tp . _Tps
Ram: 7, = 7 Diffuser (intake): 7, = T Compressor: 7, = T
Combustion chamber: 7, = 1% Turbine : 7, = [ Nozzle: 7, = 7%

Tos Tos Tos
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Solution
The thrust force equation for an unchoked nozzle (P, =P,) is:

P, U
T= RTauﬁAa {(1 +f)u—a - 1}

T y 5 u
PA, yRT [(1 +f)_€_1]

=] )

The ratio between exhaust and flight speeds may be correlated as:

ue M. |T. (B)
u, M, \VT,

The pressure ratio across different modules is expressed as:

Ram: 7, = % Diffuser (intake): Compressor: 7. = %
a - @ 02
d = POa
Combustion Turbine : 7, = 1’;_23 Nozzle:
. — P — Pos _ Poe
chamber: 7, = o Tn = poe = P

The exhaust total pressure may be expressed as:

Po, = PoPo2Po3PosPosPo.
‘ * P, PouP02Po3PosPos
Po. = Pymymgnempmimy,

For ideal diffuser, burner, and nozzle, then:
g =np, =71, =1

The exhaust total pressure can be then expressed as:

r—1,9 P
Poe = Pimymomy = P, 1+TMe

Since the nozzle is unchoked, then:

P, =P, ,
BRI = (1 + %M?)’j



6.2 Turbojet

Moreover, with:

(rzem) T = (1 + 15 M2)7

Thus:

—1
7,770 =1+ yTMg
2 (€)

M? = (r,7et— 1)

e }/ _ 1
Also, ram total temperature is expressed as:

1
r,.:1+yTM§

(-1 (D)

Thus, the ratio between exhaust and flight Mach numbers is:

M?  (rzr,— 1)

ﬁi - (Tr - 1) (E)

The exhaust total temperature may be further expressed as:

ToaT02T03T04T 05T o,
T, ToaTo2To3T 04T 05
Toe = TutrTatcTHTTh

TOL’ = Ta

With 7, = 7, = 1, then from (C):

Toe = Tat/7:7pT;
—1
Toe =T (1 +YTM5)
T()e = TeTrTcTt
Lo _Tu
T, " Tes

Now, define 7; = TT—O“

423
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Then:

L_Tu_Tuls _Tulel _u o
T, Tz T,Tyy T,Tp3Tor 7.7,

aenfGE e o)

Next, assuming that the turbine provides a work just sufficient to rotate the
compressor, then:

From (A) through (F), then:

T
PA, y—1

(Tr - 1)

1a(Tos — Toz) = (it + rivg ) (Toa — Tos)
t(te = 1) = (1 +f)n(l — =)
r\tc — 1
oy =)
(1+/)m
Neglecting the fuel-to-air ratio, then:

(7. — 1)
7,

=1- (G) #

Now, to maximize the thrust for a certain flight Mach number, from equation (A),
the ratio between exhaust and flight speeds (7*) must be maximum.

From equations (E) through (G):
(ue)z _ (%)25 _ (TI'TCTI - 1) za
Ha Ma) T, (z, = 1) =z,
(u )2 1 T, 1 : (. — 1) T,
L) = |5, ——— | = - T, —
Ha (r, — D\ e, (z, = 1) 7 e,

(_)2 - ﬁ[m —r(re—1) — T“T]

Now, differentiate the above relation with respect to temperature ratio across the

COmpressor:
8 Ue 2 1 T)
| = =—|—7 — | = 0
o7, (ua) (7, — 1) [ ot T%T,.]

7

== #
TIT,
VT

T, =
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PA, 2r

a‘ta

Fig. 6.6b Nondimensional thrust versus ram temperature ratio

The thrust force attains a zero value when ;> = 1, which is achieved when:
T
T, = — #
T,

Example 6.5 A civil transport aircraft powered by four turbojet engines is flying at
a Mach number of 0.85 and an altitude where the ambient temperature is 230 K. The
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overall pressure ratio is 20 and the maximum temperature is 1500 K. Due to an
ingested bird, one engine failed and the aircraft flew by three engines at the same
altitude and Mach number. The pilot advanced the throttle lever to increase the rate
of fuel flow and thus the turbine inlet temperature. This led to an increase in exhaust
gas velocity to compensate for the thrust of the failed engine. The thrust force of the
operative engines was thus increased. Calculate:

The original and final exhaust speeds
The new maximum total temperature
Fuel-to-air ratio in both cases (fuel heating value is 42,000 kJ/kg)

Assume that:

All processes are ideal

Constant specific heats and specific heat ratio at all engine modules, such that
Cp=1005 J/kg/K and y=14

The works of both compressor and turbine are equal

Air mass flow rate into each engine in both cases is constant

Neglect fuel mass flow rate in thrust and energy balance calculation

Solution
(A) Four operative engines

The flight speed is then: u = M\/yRT, = 258.5 m/s

Intake

-1
T, =T, <1 +7/2M2> =263.24 K

Compressor
The air temperature at compressor outlet is:

Tos = Top X 77 = 263.24 x 20°280 — 620 K

The specific work of compressor is:
w=Cy(Toz —Tz) = C,To2 (;z% — 1) = 1005 x 263'24(200286 _ 1)

w = 358.62 kN/kg and w/C,, = 256.83 kN/kg
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A
T
Tos
W/t Cp
Tos
Tos
w/Cp 1U/2C,
Toz
L wic T
T.

Y

Fig. 6.7a T-s diagram for four engines operating case

Combustion chamber

The fuel-to-air ratio is:

- ColTos = Tos) __1.005(1500 — 620)

= =0.02184
Opy — CpTos 42,000 — 1.005 x 1500

Turbine

The assumptions of constant specific heat through the engine as well as equal
work for both compressor and turbine imply that both air and gas flow rates in
compressor and turbine are equal (negligible fuel flow mass). Thus:

Tos = Tomax — CK = 1500 — 356.84 = 1143.17 K
P

Nozzle

Since combustion process is ideal, then:

P = - =
ﬁ:Pm:PmPoz:@ To> a1+ le
Ps P, PupP, Pp\T, 2

—2 = 20(1+ 0.2 x 0.85%)

Pg

Poq

— =132.076
Pg
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Tos

W/t Cp

(ud/2Cy

Y

Fig. 6.7b T-s diagram for three engines operating case

Pos  [Tos\77 1500 \*?
‘ Pos (Tos) (1143.17)

Pos _ PosPoa _ 32076 ) 1545
Ps  Pos Ps  2.5878

Also  Te = Tomax/(32.076)"%*¢ = 1500/2.6963 = 556.32 K

The exhaust speed is then:

e = \/2C)(Tos — Te) = /2 x 1005 x (1143.17 — 556.32)
u, = 1086 m/s

Specific thrust is then:
T/m,=(1+f)ue —u~u, —u= 1086 — 258.5 = 827.58 m/s

(B) Only three engines operative

This case represents a one engine failure; thus, aircraft is powered by three
engines only.

For the same flight speed, the aircraft drag is the same which must be equal to the
sum of thrust forces generated by operative engines. The pilot had to advance
throttle lever to a forward setting leading to a greater fuel flow and consequently
higher maximum (turbine inlet) temperature T,.
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For the same compressor—turbine work as in the four-engine case, the exhaust
speed is increased to u;, such that the corresponding engine thrust, 7', will be
governed by the relation:

/

3T =4T

Assuming the air mass flow rate is maintained constant, thus:
mly =,

And:

3, (uly — u) = dring (1, — 1)
3(u — u) = 4(u, — u)
4 1 4x1086—258.5

Wy = U, — U

3 3 3 = 13169 m/s

Since the compressor pressure ratio is constant and flight speed is also unchanged,
then the overall pressure ratio is unchanged or:

1

Ty (Pos\7
“o (ﬁ> = (32.076)"**° = 2.6963

T, P,
/ / M’z w
Toy =Tg+—+—
04 6 2C, " G,
u?ow
¢ 4 —=12196 K
2C, * Cy
2.6963T = Ty + 1219.6
Ty =718.92 K
Tos = 1938 K

The new fuel-to-air ratio is:

_ C(Tos —Te3)  1.005(1938 — 620)

= = = 0.03307
! Opy —CpTos 42,000 — 1.005 x 1938

It may be concluded that:

Fuel-to-air ratio had been drastically increased from 0.02184 to 0.03307
(52.3 %).

The maximum temperature (turbine inlet) increased from 1500 K to 1938 K
(29.2 %), which most probably led to a turbine overheat.
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Practically, pilots normally follow other procedures, among which the flight
altitude and speed are reduced which reduce the drag force. Thus, the thrust
generated by each engine in the second case is close to its value prior engine
failure. In this case the maximum temperature may be kept within the range of
100-110 % of its original value.

6.2.6 Double-Spool Turbojet

The two-spool (or double-spool) engines are composed of two compressors coupled
to two turbines through two shafts (or spools) (Fig. 6.8a). Double-spool engines are
designed to fulfill the high-thrust requirements for both military and civil aircrafts.
The first spool is composed of the low-pressure compressor (LPC) located down-
stream the intake. It is coupled and driven by the low-pressure turbine (LPT)
located upstream of the nozzle or afterburner (if fitted). The second spool is
composed of the high-pressure compressor (HPC) located downstream of the
LPC and upstream of the combustion chamber. This HPC is driven by the high-
pressure turbine (HPT) installed downstream of the combustion chamber and
upstream of the LPT. Low-pressure spool rotates at speed (N;) while high-pressure
spool rotates at a higher speed (V,). Also two-spool turbojet may be fitted with
afterburner as shown in Fig. 6.8a. Afterburner is located downstream the LPT and
upstream of the nozzle. Most afterburning turbojet engines are fitted to military
airplanes. Only supersonic transports (Concorde and Tu-144) are powered
afterburning turbojet engines, namely, Rolls-Royce/SNECMA Olympus 593 Mk
610 and Kolesov RD-36-51 engines. Moreover, afterburning turbojets employ
variable area intake and nozzle.

It may be concluded that two-spool turbojet engines may be composed of seven
or eight modules. These are intake, two compressors, combustion chamber, two
turbines, and a nozzle. For afterburning engines, the eighth module is the
afterburner.

6.2.7 Thermodynamic Analysis of Double-Spool Turbojet

Real (nonideal) case will be considered here, as the ideal performance can be
considered as a special case where the efficiencies are set equal to unity and no
pressure losses. Modules of two-spool turbojet engine were listed above.

Intake is identical to the case of single-spool turbojet. Thus, Egs. (6.1), (6.2), and
(6.3) are used and no need to be repeated here. Now the successive elements (LPC
through nozzle) will be examined.
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high-pressure  high-pressure

low-pressure .
compressor turbine

compressor

low-pressure
turbine

nozzle
Turbojet burner
adjustable
nozzle
fuel spray bars flame holder A
‘_‘- N .
T < ] \$
o S S
P - afterburner duct
N E=3r

Fig. 6.8 Two (double)-spool turbojet engine. (a) Layout of two-spool turbojet engine (with and
without afterburner). (b) T-s diagram for non-afterburning turbojet. (¢) T-s diagram for
afterburning turbojet
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(A) Non-afterburning Engine
1. Low-pressure compressor (LPC)

For a known compressor pressure ratio (z.;) and isentropic efficiency (7.1), then
the pressure and temperature at the outlet of the LPC are given by the following
relations:

P()3 = P()2 X TTel (623)
re—1 1
Tos =Too (1 + ”‘T> (6.24)
cl

2. High-pressure compressor (HPC)

Similarly, both of the pressure ratio (z.,) and its isentropic efficiency (7.,) are
known. Thus, the pressure and temperature at the outlet of the HPC are given by the
following relations:

Pos = (Po3)(7ca) (6.25)
rel
C e —1
Tos =To3 |1+ ﬂzi’]] (626)
2

3. Combustion chamber

The temperature at the end of combustion process Tys is generally known. It is
the maximum temperature in the cycle if the afterburner is inoperative. A similar
analysis to single-spool turbojet yields:

Pos = Posa — AP, (6.27a)
Or Pos = Poa(1 — AP %) (6.27b)

The energy balance for the combustion chamber yields the following relation for
the fuel-to-air ratio (f):

11a(1 +f)Cp;, Tos = maCp Toa + 0,11 r O
With  f = riny Jring
(Cpu/Cp.)(Tos/Tos) — 1

(Or/Cp.Tos) — (Cp;,/Cp.)(Tos/Toa) (6.28)

f=
My

4. High-pressure turbine (HPT)

The power generated in the high-pressure turbine (HPT) is used in driving the
high-pressure compressor (HPC) in addition to some accessories. If the ratio of the
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power needed to drive the HPC to the power available from the HPT is (4;), then the
energy balance for the compressor—turbine shaft is:

Wuapc = i1, {Wapr

Here (4,) is of the range 75-85 % and (#,,,;) is the mechanical efficiency of high-
pressure spool (normally 99 + %). Thus, in terms of the temperatures differences:

Cp.(Tos — To3) = A (1 4 f)11,,1Cp1(Tos — Tos)

(Fe) 1 Pl (T ] (629)

Tos ML+ )1 Tos [ \To3

Then the pressure ratios of the high-pressure turbine and high-pressure compressor

are related by:
P Tos — Tog\ 71
(ﬂ) = (1 -5 06) (6.30)
Pos 7T os

where 7, is the isentropic efficiency of the high-pressure turbine.
5. Low-pressure turbine (LPT)
The power consumed in the LPC is supplied through the LPT in expansion. With

(4,) identifying the ratio of the power needed to drive the compressor to the power
available in the turbine, then the energy balance for the low-pressure spool is:
Wiec = Aot s Wepr
Here (4,) is of the range 75-85 %. Thus, in terms of the temperatures differences:
Cp.(Tos — Toz) = Zatya(1 +f)Cpy(Tos — To7)
T Cp./Cp;,)T T
<ﬂ) —1_ (Cp./Cpy)To2 [(ﬁ) _1} (6.31)
Tos 2oty (1 +f)Tos [\To2

Then the turbine and compressor pressure ratios are related by:

Yh

- 1] } 63)

Ye
(E) _l (Cp./Cpi)To2 <E> "
Pos Aoy (1+F)neinaTos | \Poz

From the diffuser part, Eq. (6.1):

7=l -1
P X J— Ye h
( 07) _ ) (Cp/CP)T. (1 LY 1M2) (Po3> .
Pos Aafya (1 +F)neinaTos 2 Po>
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6. Jet pipe
The jet pipe following the low-pressure turbine and preceding the nozzle is
associated with a slight pressure drop, while the total temperature remains
unchanged:
Pog = P07 — APjet pipe (6343)
Tos =Twy (6.34b)

7. Nozzle

First a check for nozzle choking is performed. Thus, the critical pressure is
obtained from the relation:

Pos_ 1 (6.35)

T
Pc 1 — 1 (r=1\ |t
T \vnt1

If the nozzle is unchoked, then the outlet pressure is equal to the ambient pressure.
The jet speed is now evaluated from the relation:

7l
Vo = \/ZCPh’?nTox [1 - (Pa/Pox)I’T} (6.36a)

If the nozzle is choked, then the outlet temperature (7g) is calculated from the

relation:
Tos\ _ (rat1
To 2

Vo = \/7:RTs (6.36b)

The jet speed is expressed as:

(B) Afterburning Engine

The same treatment for all the modules upstream to the afterburner is applied
here. Now, for operating afterburner, the pressure at the outlet to the afterburner is
determined from one of the following relations:

Poga = Po7 — APy (6.37a)
Or  Posa = Por(1 — APy %) (6.37b)
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The maximum temperature in the cycle is obtained at the end of the combustion
process:

Toga = Tnmax

The afterburner fuel-to-air ratio is calculated from the energy balance in the
afterburner which gives:

f _ (1 +f) (CPSA T08A_CP7TO7) (6 38)
® NabOr — CPgaTosa

Nozzle:
The very hot gases leaving the afterburner expand in the nozzle from the state
(08A) to state (9). As usual a check for nozzle choking is performed as follows:

Poga 1
b= 5 (6.39)
I
M \7nt1
If the nozzle is unchoked, the jet speed will be:
=1
Voar = 1/ 2CpyinTosa [1 — (Py/Pos) } (6.40a)

If the nozzle is choked, then the exhaust gases leave the nozzle with a temperature
of Ty, which is calculated from the relation:

()- )

The exhaust speed is then calculated from the relation:

Voar = \/7iRT 94 (6.40b)

6.2.8 Performance Parameters of Double-Spool Turbojet
Engine

By performance parameters, it is meant the specific thrust and the specific fuel
consumption as well as the three efficiencies.
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The specific thrust is expressed by the relation:

mlz [(14+f +fp)Vo—V] +£(P9 —P,) (6.41)

a a
The thrust specific fuel consumption (TSFC) is given by:

TSFC = " T Mpab

Substituting from Eq. (6.41), the thrust specific fuel consumption is:

f+fab

TSFC = — .
(L4 +fa)Vo—V+2(Py — P,)

(6.42)

For inoperative afterburner, the same Eqgs. (6.41) and (6.42) are used, but the
afterburner fuel-to-air ratio f,,, is set equal to zero.

Turbojet engines resemble a one stream flow engine, and then from Chap. 2, the
efficiencies are calculated as follows. The propulsive efficiency is obtained from the
relation:

B TV
TV +1m.(V, — V)

Mp

where the mass and velocity of the gases leaving the nozzle are expressed in general
as m, and V,.
The thermal efficiency is expressed as:

L, (V, — V)
Ny = TV + 2 e(. )
meR
The overall efficiency is then:
Mo = Mp X Ny

Example 6.6 The following data presents some details of a double-spool turbojet
engine close to Pratt & Whitney J57:

71 =4.0, 7o =3125, Ty max = 1143 K, Qp =45 MJ/kg, T,=283 K
P, =101 kPa, M =0.0, 5, ,=n,=086, #n,=n,=09, n, =099

4
1, =094, AP, =1%, y.=14, y, = 3 Nozzle exhaust area A,, = 0.208 m?


http://dx.doi.org/10.1007/978-1-4471-6796-9_2
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Afterburner is assumed inoperative with no pressure losses in tailpipe.

Calculate

Air mass flow rate

Thrust force

Thrust specific fuel consumption (TSFC)
Propulsive efficiency

Thermal efficiency

Overall efficiency

Solution
Since Mach number is zero, then the above case represents a ground run. Thus:

Intake
Too =Ty =Tp, =T, =288 K
Py = Py, = P, = 101 kPa
LPC
Pyps = Py X w1 = 4X101 = 404 kPa
re—l
T 7 — 1 40.286 -1
Tz =Tp|l+————| =288(1+—+—) =451 K
03 oz( + o ) ( + 0.86
HPC

Pos = Po3 X oo = 3.125 x 404 = 1262.5 kPa

re—l
o —1 3.1259286 _ 1
Tos = To3<1 +L> _451<1 +T> =653 K

Mo

Combustion chamber

Pos = Pos(1 — AP, %) = 1262.5 x 0.99 = 1250 kPa

e (Cpi/Cp.)(Tos/Toa) — 1
© 1y(Qr/CpcTos) — (Cpy/Cp.)(Tos/Tos)
B (1.148/1.005) (1143 /653) — 1
T 0.99 x 45,000,/(1.005 x 653) — (1.148/1.005)(1143,/653)

0.999
= 65885 0.015169

f
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HPT

Assume 1 =1, then:

(&) - (Cp./Cpi)To3 KE) B 1}
Tos (1 +f)Tos [\To3
L [(1.005/1.148) X 451] <@_
1.015169 x 1143 451

Tos =969 K

P Tos — Tog\ 7 T 1143 — 969\ *
Pos\ _ (| _Tos—Tos\" _ (| _ 1143 =969\ " _ ) 1765
Pos 1 Tos 0.9 x 1143

P06 = 595.7 kPa

1) = 0.8476

LPT

Assume also 4, =1, then:

<TO7> — 1 (Cp./Cpy)To2 KT03> B 1}
Tos (1 +f)Tos [\To2

. [(1.005/1.148) x 288] (451 \

=1 { 1.015169 x 969 1) =08549

288
Tor = 828.4 K

_ 7= _ 4
Po\ _ ( ~Tos —Tor )t _ () 969 =8I8AN"_ ) o5
Pos 171 06 0.9 x 969

Py7; =294.9 kPa

Nozzle
No losses are assumed at tailpipe; thus, conditions at point (7) are equal to those

in point (8).
Check nozzle choking:

Pos _ % = 1.9336
P. Ty
)
N \7nt1
P. = 1525 kPa

Since P.> P, then the nozzle is choked and thus: Py > P,
The exhaust gas temperature is calculated from the relation:

2T03

To=T. = —710 K
’ i }’h+1
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The jet speed is expressed as:

Vo = \/7,RTo = 521.3 m/s

The density of exhaust gases: pg = % =0.748 kg/m?

The gas mass flow rate: g = pyVoAg = 0.748 x 521.3 x 0.208 = 81.15 kg/s

The air mass flow rate : g = o =79.94 kg/s #
1+f
T:rha(l -‘rf)Vg +A9(P9—Pa)

= 81.15 x 521.3 + 0.208 x (152.5 — 101) x 10°
T = (42.303 +10.712) x 10*> = 53,015N = 53.015 kN

The thrust specific fuel consumption is:

TSFC :fﬂ ~ 0.015169 x 79.94

_ —6 .
T 53,656 =21.79 x 10°® kg/N.s=21.79 g/N.s  #

The propulsive efficiency is zero as this case represents a ground run (V = 0.0).
The thermal efficiency with V' =0.0 is expressed as:

(V) (1+)V?
T 2miQr  2f0g

Mo =0.202 = 20.2%

The overall efficiency is also zero as it is the product of both propulsive efficiency
(here zero) and thermal efficiency.

Example 6.7 1f the afterburner for the two-spool engine described in Example (6.6)
is operative. Additional data are:

Tomax = 1850 K, 1., =98%, APgy =2%

Calculate

The new values for thrust force and TSFC
The thermal efficiency

The percentage increase in thrust force

The percentage increase in fuel consumption

Solutions
All the calculations in Example (6.6) are applied to the present case of operative
afterburner up to the states (8 and 9).
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Afterburner
Fo= (14 £)(Cpga Tosa-Cp7To7)
® NayOr — CPgaTosa
1+ 0.015169) x 1.148 1850 — 828.4 1,191
fab:( ha ) X ) =0.0285

0.98 x 45,000 — 1.148 x 2000 41,804
Poga = Po7(1 — AP, %)
PogA = 289 kPa

Nozzle

As usual a check for nozzle choking is performed as follows:

Poga 1
= = 1.9336
Pc |:1 . L(?’h*l 7p=1
M \7nt1

Then the critical pressure is P, = 149.46 kPa > P,.
Then the nozzle is also choked. The exhaust gases leave the nozzle with a
temperature of T4 calculated as:

T 1

T _ (1LY ey

T9A 2
The exhaust temperature is then Ty, =1585 K, and the exhaust jet speed is
calculated from the relation:

Vga}, = \/}’hRTgA =779 m/s

The thrust is expressed by the relation:

Tup = tia[(1 +f +F.)Vo] + Ao(Po — Py) = 64,993 + 10,080 = 75,073 N
=75.073 kN

The thrust specific fuel consumption (ISFC) is given by:

iy Mgy _ 1t (f + fap)
T

TSFC =
T

= 49.82 g/(kN.s)

Thermal efficiency

me(ve)z (1 +f +fab)v2
= ele) €= 0.161 = 16.1 %
i 2m Qg 2(f +fap)Or
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Increase in thrust: AT%

Ty, —T 76.045 — 53.656

AT = =41.6
% T 53.656 %
Increase in fuel consumption (Af%)
fa—f 0.0285 —0.015169
AT =" = = 87.88
% =75 0.015169 %

6.2.9 Micro-turbojet

Small turbojet engine are developed for use in cruise missiles, target drones, and
other small unmanned air vehicles (UAVs). Examples are Microturbo TRI
60 which different types (TRI 60-1, 60-2, 60-3, 60-5, 60-20, and 60-30) produce
a thrust force ranging from 3.5 to 5.3 kN. This engine is a single spool, having a
length of 851 mm (33.5 in), diameter of 348 mm (13.7 in), and dry weight of 61.2 kg
(135 1b). March 20, 1983, represents the first-ever flight of a micro-turbojet-
powered model aircraft, which had a three-minute flight. This engine measured
4% in diameter and 13'2” long and weighed 3% pounds. At 85,000 rpm it produced
over 9 Ib of thrust and had a top speed of 97,000 rpm. Twenty years later,
commercial engines of roughly similar dimensions and weight are in the 30-lb
thrust class when running at 120,000 rpm. The airframe, with its twin-boom high-
tail configuration, is remarkably, perhaps inevitably, similar to many of today’s
trainer aircraft.

The first commercial micro-turbines were made available by JPX in the early
1990s [6]. Shortly after, Germany and the Netherlands sought out to develop a
powerful, lightweight, liquid-fueled micro-turbine. AMT and Schreckling Designs
were the first two companies to accomplish these goals. Figure 6.9 shows a cross
section of micro-turbojet engine (SR-30). Table 6.1 shows some data for micro-
turbojet engines.

Figure 6.10 illustrates Harpoon missile which is an air-, surface-, or submarine-
launched anti-surface (antiship) missile. It is powered by Teledyne CAE J402 small
turbojet engine (together with a solid-propellant booster). Teledyne CAE J402
turbojet engine is thoroughly discussed in Example (6.8).

Example 6.8 Harpoon Block II (Fig. 6.10) is the world’s premier antiship missile.
It uses solid-propellant booster for launch and Teledyne CAE J402 turbojet for
cruise. General characteristics of Teledyne turbojet engine:

Inlet diameter: 14.35 cm
Compressor type: single-stage axial compressor and single-stage centrifugal com
pressor, having overall pressure ratio: 5.6:1


http://en.wikipedia.org/wiki/Turbojet#Turbojet
http://en.wikipedia.org/wiki/Axial_compressor#Axial%20compressor
http://en.wikipedia.org/wiki/Centrifugal_compressor#Centrifugal%20compressor
http://en.wikipedia.org/wiki/Centrifugal_compressor#Centrifugal%20compressor
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Radial Compressor |

| Turbine |

Combustor

Inlet Exhaust

Nozzle Nozzle
Fig. 6.9 Cross section of micro-turbojet engine (SR-30)
Table 6.1 Some micro-turbojet engines

Diameter Length Weight Max thrust
Manufacturer | Model (in) (in) (Lbs) (Lbf)
AMT Mercury HP 39 8.7 3.1 19.8
SWB SWB-11 35 7.3 1.9 114
Mamba

AMT Pegasus HP 4.7 10.4 5.9 353
Jetcat P160 4.37 12.0 34 34
Ram 750 F 4.37 9.4 24 16.9
Simjet 85 N+ 4.25 9.5 2.4 19.1
Artes/Espiell | JG100 4.33 9.4 2.3 22.5
Kamps 4.33 9.3 2.7 13.5
Phoenix 30/3 4.33 9.8 35 20.23
Schreckling | FD 3/64 4.33 NA 1.9 4.95
AMT Olympus 5.1 10.6 53 42.7

Fig. 6.10 Harpoon missile
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Maximum thrust: 2.9 kN
Thrust specific fuel consumption: 0.1226 kg/N.hr

When the turbojet is turned on, the missile has a speed of 135 m/s and sea-level
conditions (temperature and pressure 288 K and 101 kPa). Assume all processes are
ideal as well as constant specific heat and specific heat ratio inside the engine.

Calculate

Fuel-to-air ratio

Exhaust jet speed

The maximum temperature in engine
Fuel heating value

Solution

Inlet area:

A = %02 —0.01617 m>

e = p,ViAi = 1.222 x 250 x 0.01617 = 4.94 kg/s

0.1226
e = TSF T = ——— x 2900 = 0.0988 k
Hig SFC x 2600 x 29 9 g/s
Fuel-to-air ratio
="~ 00
mg

Exhaust jet speed

From the thrust force: T = i, [(1 +f)V. — V]
Exhaust jet speed is:

1 /T 1 (2900
Ve=— = =— (2221 250) = 8206
1+f <ma+vf> 1.02 (4.94 i > m/s

Maximum cycle temperature

The following cycle analysis is performed first:
Sonic speed at sea level:

a = +/yRT =340 m/s


http://en.wikipedia.org/wiki/Thrust#Thrust
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Flight Mach number:
Vv
M=—-=0397

Compressor inlet (state 2):

-1
T, = Ta<1 +y2M2> =297 K

r
71

—1 7
Po = Pa(l +yTM2> =112.6 kPa

Combustion chamber inlet (state 3):
P03 - P0277:c = 6305 kPa = P04

Tos = Top(n.)7 = 486 K

With constant specific heats, then balance between compressor (states 2-3) and
turbine (states 4-5) yields:
(1 +£)Cp(Toa — Tos) = Cp(To3 — To2)
(Tos — Ton)
Tos =Tos ——F7—F— =Tos — 136
(1+)

P Tos\ 7T
Besides : GlLL (ﬁ)y (A)
Pos To4

Nozzle (states 5-6):

y—

[

P\ 7
V2 =2C,(Tos — Ts) = 2C,Tos [1 - <P >
05

Pos

Po_(,_ V2 o (82067 1)/
2C,Tos) 2 x1005Tps| Tos — 186

From (A) and (B), then:

Po _[(Tos\(,__ 335 \]7
Po [ \Tos Tos — 186
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r—

P, \ " (Tos — 186 | — 335
Py) Tos Tos — 186

101 \**°  (Tos — 186\ (Tos — 521\ _ Tos — 521
630.4 a Toa Tos —186)  Tos
Ty — 521
059227 = %"=
Toy
Maximum cycle temperature is then:
Tos = 1278 K
Fuel heating value
From balance in combustion chamber:
Cy(Toa — T 1.005 x (1278 — 486
Ok C,,Toﬁw 1.005 x 1278 + . (002 )

= 41082 kJ/kg
O = 41.082 MJ /kg

6.3 Turbofan

6.3.1 Introduction

Turbofan engines are the dominant air-breathing engines in the last 4 decades. They
are the most reliable engines ever developed. Turbofans were first termed by Rolls-
Royce as bypass turbojet. Boeing Company sometimes identifies them as fanjets
[7]. In turbofan or “bypass” engine, the partly compressed airflow is divided, some
into a central part, the gas generator or core, and some into a surrounding casing, the
bypass or fan duct. The gas generator acts like a turbojet, while the bypass air is
accelerated relatively slowly down the duct to provide “cold stream” thrust. The
cold and hot streams mix inside or outside the engine to give better propulsive
efficiency, lower noise levels, and improved fuel consumption.

Gas generator in both of turbofan and turbojet engines has three modules,
namely, compressor, combustion chamber, and turbine. In turbofan engines, the
fan pressurizes air and feeds it aft. Most goes around the engine core through a
nozzle-shaped chamber. The rest goes through the engine core where it mixes with
fuel and ignites. The hot gases expand through the turbine section and next the hot
nozzle as it exits the engine.
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In the 1950s, Rolls-Royce introduced the first turbofan in the world, namely,
RB.80 Conway. Conway design and development started in the 1940s, but it was
used only in the late 1950s and early 1960s. The Conway powered versions of the
Handley Page Victor, Vickers VC10, Boeing 707-420, and Douglas DC-8-40. It
had a very low-bypass ratio (BPR designated as f) of 0.25 and maximum thrust of
76.3 kN [8]. In 1964, another RR turbofan engine was produced having also a
low-bypass ratio of 0.64. GE led the way of high-bypass ratio turbofan engines in
1965 with the TF39 (BPR 8) to power the C-5 Galaxy [9]. Rolls-Royce developed
the first worldwide three-spool turbofan engines RB211 in 1969 having a high-
bypass ratio ranging from 4.0 to 5.0 depending on its series [10].

GE still leads HBPR turbofan engines with GE90 (BPR of 9) [11]. The maxi-
mum achieved BPR is 12.0:1 which is a record number scored by Pratt and Whitney
in 2013 in its PW1500 series, which powered Bombardier CSeries CS100 and
CS300 (second half of 2015), and PW 1100G series, which powered Airbus
A319neo, A320neo, and A321neo in October 2015 [12]. The PW 1400 series will
power the Russian Federation airplane Irkut MC-21 in 2017, whereas the PW 1700
series will power Embraer E-Jets E2 in 2018.

There are several advantages to turbofan engines over both of turboprop and the
turbojet engines. The fan is not as large as the propeller, so the increase of speeds
along the blade is less. Thus, turbofan engines power now all civil transports flying
at transonic speeds up to Mach 0.9. Also, by enclosing the fan inside a duct or
cowling, the aerodynamics is better controlled. There is less flow separation at the
higher speeds and less trouble with shock developing. The turbofan may suck in
more airflow than a turbojet, thus generating more thrust. Like the turboprop
engine, the turbofan has low fuel consumption compared with the turbojet. The
turbofan engine is the best choice for high-speed, subsonic commercial airplanes.

6.3.2 Milestones

Appendix C presents detailed list of milestones of turbofan engines.

6.3.3 Classifications of Turbofan Engines

As described in Chap. 1, numerous types of turbofan exist. Figure 6.11 illustrates a
very detailed classification of turbofan engines.

Turbofan engines may be classified based on fan location as either forward or aft
fan. Based on a number of spools, it may be classified as single, double, and three
(triple) spools. Based on a bypass ratio, it may be categorized as either low- or high-
bypass ratio. The fan may be geared or ungeared to its driving low-pressure turbine.
Moreover, mixed types (low-bypass types) may be fitted with afterburner or not.
Cross matching between different categories is identified in Fig. 6.11.


http://en.wikipedia.org/wiki/Irkut_MC-21#Irkut%20MC-21
http://en.wikipedia.org/wiki/E-Jets_E2#E-Jets%20E2
http://dx.doi.org/10.1007/978-1-4471-6796-9_BM1
http://dx.doi.org/10.1007/978-1-4471-6796-9_1
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‘ TURBOFAN ENGINES ’

1
FORWARD FAN [ AFT FAN ]

MIXED FAN | HIGH | ‘ LOW |
BY-PASS RATIO BY-PASS RATIO

I SINGLE SPOOL I
TWO SPOOL

I THREE SPOOL I
Fig. 6.11 Classification of turbofan engines

( NON-AFTERBURNING } {AFTERBURNING]

GEARED FAN
UNGEARED FAN

High-bypass ratio turbofan (f =7 — 8) achieves around 75 % of its thrust from
the bypass air and is ideal for subsonic transport aircraft. Examples in commercial
usage are Rolls-Royce Trent series (500/700/800/900/1000 powering in the Airbus
A330, A340, A350, and A380), Pratt & Whitney PWI1000 G (geared) powering
Airbus A320neo, Bombardier CSeries, Embraer E2, Mitsubishi Regional Jet
MC-21, and General Electric GE90 series (76B/77B/85B/90B/92B/94B/110B1/
115B) powering Boeing 777-300ER, 747 .

A low-bypass ratio turbofan, where the air is divided approximately equally
between the gas generator and the bypass duct, is well suited to high-speed military
usage. Examples in military usage are Rolls-Royce RB199 in the Tornado, Pratt &
Whitney FI100-PW-200 in F-16A/B and F-15, as well as EuroJet Turbo GmbH
EJ200 powering the Typhoon.

It is too lengthy to analyze all types of turbofan engines. So, the following cases
will be analyzed:

Double-spool unmixed flow turbofan
Tripe-spool unmixed turbofan

Double-spool mixed turbofan with afterburner
Aft fan engine

First of all, let us define the bypass ratio as:

ﬂ — BPR — choldszan

Mhot M core


http://www.rolls-royce.com/defence_aerospace/products/combat/rb199/default.jsp
http://en.wikipedia.org/wiki/EuroJet_Turbo_GmbH#EuroJet%20Turbo%20GmbH
http://www.rolls-royce.com/defence_aerospace/products/combat/ej200/default.jsp
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Tab!e 6'.2 Compone‘nt Module Efficiency () Specific heat ratio (y)
efficiencies and specific heat = b er 0T 007 < 1) 1.4
ratio for moderate bypass
ratio (8=2.7) [13] 0.85 M >1)
Fan 0.85 1.39
Compressor 0.85 1.37
Turbine 0.9 1.33
Core nozzle 0.97 1.36
Fan nozzle 0.97 1.39

Thus, if the air mass through the core (compressor) is (#1,), then the bypass air (fan
duct) mass flow rate is (fm,). Typical component efficiencies and specific heat ratios
for a supersonic turbofan engine having a bypass ratio, f=2.7, are given in
Table 6.2.

6.3.4 Forward Fan Unmixed Double-Spool Configuration

The main components here are the intake, fan, fan nozzle, low-pressure compressor
(booster), high-pressure compressor, combustion chamber, high-pressure turbine,
low-pressure turbine, and turbine nozzle. Two cases are seen for the low-pressure
spool, namely:

Fan and low-pressure compressor (LPC) on one shaft and driven by
low-pressure turbine

Fan driven by the LPT and the compressor driven by the HPT

Typical examples for the first type are the General Electric CF6 engine series
and Pratt & Whitney PW4000 series. Typical example for the second type is GE
Rolls-Royce F136 engine.

A schematic diagram for the first type as well as its T-s diagram is shown in
Figs. 6.12 and 6.13.

Low-pressure spool is rotating with N speed, while the high-pressure spool is
rotating with N, speed.

Here below is an analysis for the different modules of the engine:

1. Intake

The inlet module is analyzed quite similar to turbojet engine using Eqgs. (6.1),
(6.2), and (6.3).

2. Fan

A similar analysis to the compressor section is followed. The appropriate
equations are:

Po1o = (Po2) (my) (6.43)
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|

O 00 ©

Fig. 6.12 Layout of a double spool where fan and LPC driven by LPT

Fig. 6.13 T-s diagram for a double-spool turbofan engine

(”;7 - 1> (6.44)

Ny

Too=To2 |1+

3. Low-pressure compressor (or booster)

Low-pressure ratio is developed in this compressor (normally less than two):

Po3 = (Poio) (mipe) (6.45)
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n Ipc

Tos =To1p |1+

4. High-pressure compressor

High-pressure ratio is developed by HPC (normally around 10):

Pos = (Po3) (mnpe) (6.47)
=1
(s 1)
Tos = Tos |1+~ 2 (6.48)
nhpc

5. Combustion chamber
The pressure at the outlet of the combustion chamber is obtained from the
pressure drop in the combustion chamber:
P05 = P04 - APM, (6493)
Or P05 = P()4(1 - APCC%) (649b)
The temperature at the outlet of the combustion chamber is also the maximum

temperature in the engine and known in advance. Thus, the fuel-to-air ratio is
calculated from the relation:

(&) () -1 650

) - @6
v\ CpTos Cp. ) \Tos

6. High-pressure turbine (HPT)

To calculate the temperature and pressure at the outlet of the high-pressure
turbine, an energy balance between the high-pressure compressor (HPC) and
high-pressure turbine (HPT) is performed:

manL.(T04 — T()3) = nmlll[rha(l +f)Cph(T()5 — T()ﬁ)] (651&)
% _ _ (Cp(‘/cph)T(B |:(T04> _ :|
<T05) =1 Aty (1 +F)Tos [\To3 : (6.510)

Here also the mechanical efficiency for high-pressure spool is (1,,,1), and the portion
of energy extracted by the HPC from that developed in the HPT is (4;). From the
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above relation, the temperature at the outlet of the turbine Tyq is calculated.
Moreover, from the known isentropic efficiency of high-pressure turbine #yy, the
outlet pressure from the high-pressure turbine Py is calculated from the relation:

Th

Tos — Tos \ "
Pog = Pos |1 — -5 (6.52)
Mhpt X Tos

7. Low-pressure turbine

An energy balance between the fan and low-pressure compressor (LPC) from
one side and the low-pressure turbine (LPT) on the other side is expressed by the
relation:

PraCp.(Toro — To2) + maCp.(Toz — To2)
= N2 [Ma(1 4+ f)Cpy(Tos — To7)] (6.53a)

or

(1 + B)nmaCp (Toro — Toz) + 1aCpc(Tos — Toro)
= Nyplata(1 + f)Cpp(Tos — To7) (6.53b)

Cp,

T07 = T06 T a1 N
’7}712/12(1 +f)cph

(1 +8)(Toro — Toz) + (Toz — Too)]

The pressure at the outlet is obtained from the relation:

Yh

Tos —Tor ™"
Poy = Pos| 1 - 27 (6.54)
Mpe % Tos

Bleed from high-pressure compressor

Now, if there is an air bleed from the high-pressure compressor (HPC) at a
station where the pressure is P3, then the energy balance with the high-pressure
turbine gives:

1aCp(Tosy — To3) + ma(1 — b)Cpe(Tos — Tozp)
= Nhima(1 +f = b)Cpy(Tos — Toe) (6.51c¢)

where b = ;”T” is the air bleed ratio defining the ratio between the air bled from the
HPC to the core airflow rate. Moreover, such a bleed has its impact on the energy
balance of the low-pressure spool as the air passing through the low-pressure
turbine is now reduced:

(14 p)maCp (Toro — To2) + maCp.(Toz — To1o)
= 7],,7212’7-141(1 +f - b)Cph(TOG - TO7) (653C)



452 6 Turbine-Based Engines: Turbojet, Turbofan, and Turboramjet Engines

The flow in the jet pipe is frequently associated with a pressure drop mainly due to
skin friction.

Thus, the pressure upstream of the turbine nozzle is slightly less than the outlet
pressure from the turbine. The temperature, however, is the same. Thus:

Pog = P07(1 - APjetpipe)
Tos =To7

8. Turbine nozzle

The exhaust velocities of both of the hot gases from the turbine nozzles are
obtained after checks for choking. Thus, if the isentropic efficiency of turbine nozzle
is 11, then the critical pressure is calculated from the relation:

Pog 1
= N
Pe 1—-L =LY [t
My \7nF1

For an ideal, Ny, = 1, then the above equation is reduced to:

P03 . yh _|_ 1 V;Ill

P.) \ 2
If P.> P, then the nozzle is choked. The temperature and pressure of the gases
leaving the nozzle are the critical values (Ty =T, P9 = P.). Temperature is obtained

from the relation:
E _ Yn +1
Ty 2

In this case the gases leave the nozzle at a speed equal to the sonic speed or:

V9 = 4/ thTg (6553.)

If the nozzle is unchoked (Pg = P,), then the speed of the gases leaving the nozzle is
now given by:

-l
Vo = \/ 2CphT08;7m[1 — (Pu/Pogs) 7 } (6.55b)

The pressure ratio in the nozzle is obtained from the relation:

Pog  Pog Po7 Pos Pos Pos Pos Poio Poz Poa

P, Po7 Pos Pos Pos Pos Po1o Pox Poa Pa
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9. Fan nozzle

The critical pressure is calculated from the relation:

Poio 1
P L (re=l et
=)

Also for an ideal nozzle 1, = 1 and the above equation will be reduced to:

_Ye
Poro  [re+ 1\%T
P.) U 2
If P. > P, then the fan nozzle is choked. The temperature and pressure of air leaving
the nozzle are (T, =T, P;; = P.). Temperature is then obtained from the relation:

Tow) _ (ret1
T] 1 2
Then the gases leave the nozzle at a speed equal to the sonic speed or:

V11 = \/}’L.RT“ (656&)

If the nozzle is unchoked (P;; = P,), then the speed of the gases leaving the nozzle
is now given by:

re—l
Vi = \/ 2C, Toron, [1 - (Pa/PmO)T} (6.56b)
Poio _ Poo Poa
Pa POZ Pa

The thrust force is now obtained from the general relation:

mlz (1+/)Vo+pVy —U(1 +ﬂ)+mia [A11 (P11 — Ps) +Ag(Py — P,)]

a

=1 +f)Vo+p(Vi1 —U) - U+i Aq1 (P11 —Pg) +Ae(Py—P,)|  (6.57a)

Ma

The specific thrust, the thrust force per total air mass flow rate (M o), is further
evaluated from the relation:
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T T T (14 p _
My mntme miap) a+p)  Taep Ut (6.57b)
ey - ) 1)

The thrust specific fuel consumption is:

. myng f
TSFC = T=——=
SFC =my/ W T T/

It is noted from the above equation that the fuel-to-air ratio is calculated as the ratio
between fuel flow rate and the airflow through the core of engine and not the total
airflow rate through the engine.

The thrust force, specific thrust, and the thrust specific fuel consumption are
calculated.

Example 6.9 The Tomahawk is a long-range subsonic cruise missile powered by a
solid-fuel rocket booster and the small two-spool turbofan engine Williams Inter
national F107-WR-402 (Fig. 6.14). It has the following data:

Flight speed V= 247.22 m/s

Ambient temperature T, =275 K

Ambient pressure P, =0.79 bar

Thrust force T=3.1 kN

Specific fuel consumption = 0.682 kg/kg-h
Bypass ratio=1

Overall pressure ratio = 13.8

Fan pressure ratio =2.1

Fan diameter =0.305 m

Fuel heating value = 43,000 kJ/kg

Fig. 6.14a Tomahawk missile and Williams F107-WR-402 turbofan engine


http://en.wikipedia.org/wiki/Solid-fuel_rocket#Solid-fuel%20rocket
http://en.wikipedia.org/wiki/Williams_International#Williams%20International
http://en.wikipedia.org/wiki/Williams_International#Williams%20International
http://en.wikipedia.org/wiki/Williams_F107#Williams%20F107
http://en.wikipedia.org/wiki/Williams_F107#Williams%20F107
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Fig. 6.14b Schematic =
diagram of Williams F107-

-
WR-402 turbofan engine
Nozzle

;

%J
\‘-

Calculate

Air mass flow rate

Fuel-to-air ratio

Exhaust gas speed

Engine maximum temperature
Solution

Air mass flow rate

Flight speed

Vi =24722 m/s
A = 0.07306 m>

P, 3
Pa= pr = 1.001 kg/m

a
ma = p,VrA = 18.08 kg/s
Since p=1.0, then m,=m;,=9.04 kg/s

T
T/my, =_-= 171.46 m/s

a

0.682

TSFC — 0.682 ke /kef h — — 0%
SFC = 0682 ke/ket-h = 5= =50

=0.0000193 kg/N.s = 19.3 g/kN.s

Fuel-to-air ratio

g/ (g /) f

R = =iy, ~ W) x 0+ B) (T i) x (1 B)

T
f=TSFC x <m_) (I 4+ ) =0.0000193 x 171.46 x 2 = 0.006618

a
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Exhaust gas speed

T = i (144 Ve = it Vy
T 1 1
T[N (L)

mgy m 1 —|—ﬂ 1 +ﬁ
(T/ma) +V; 1714622 + 247.22
- pH1+f - (M) =4173 m/s
( I+4 ) 2

Engine maximum temperature is analyzed from cycle analysis.

Intake

Vi

M= = 0.7437
VYRT,
y—1.5 =
Py =P, 1 +TM = 114.0522 kPa
y—1.5
T =T,(1 +TM =30542 K
Fan
P03 = P0277{f = 239.51 kPa
Tos = Toa () 7 = 377.62 K

Compressor

P04 = P0371'C = 1574 kPa
Tos = Tos ()7 = 645 K

Combustion chamber

m Qg + 11, CpeTos = (ritn + 1is) ConTos
 fOg +CpeTos  0.006618 x 43000 + 1.005 x 645.0
BT TA+Ch 1.006618 x 1.148

= 807.2 K

Maximum temperature is then Tj,.x = 807.2 K.

Example 6.10 A two-spool forward unmixed turbofan engine is powering an
airliner flying at Mach number 0.9 at an altitude of 10,500 m (ambient pressure,
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Table 6.3 Modules results Module Fan LPC HPC HPT LPT
ATy 42 43 355 380 390
/4 1.58 1.5 9.75 2.75 39

temperature, sonic speed, and air density ratio are 24,475 Pa, 220 K, 297.3 m/s, and
0.3165, respectively). The low-pressure spool is composed of a turbine driving the
fan and the low-pressure compressor. The high-pressure spool is composed of a
high-pressure compressor and a high-pressure turbine. Air is bled from the outlet of
high-pressure compressor. The total temperature difference (in K) and pressure
ratios for different modules are recorded and shown in Table 6.3:

Diffuser, fan, and turbine nozzles have isentropic efficiency of 0.9. Maximum
cycle temperature is 1500 K. Inlet area is 3.14 m>. Assume the following values for
the different variables:

1, =0.96, Oy = 45,000 kJ/Kg, yair = 1.4, and ygases = 1.33
It is required to calculate:

(a) Pressure recovery of diffuser r,

(b) Total air mass flow rate

(c) Isentropic efficiency of fan and low-pressure and high-pressure compressors
(d) The fuel-to-air ratio (f)

(e) The air bleed ratio (b)

(f) The bypass ratio (f)

(g) Area of cold and hot nozzles

(h) The thrust force

Solution
The modules of the engine and its different processes plotted on the T-s diagram are
shown in Figs. 6.12 and 6.13.

Diffuser

1
Tor = Tou = Ta(l +}/‘TM§> =220 x (1+0.2 x0.81) =255.6 K

— 1\
Pou Pa(l +7/‘2M3> = (1+02x081)*° =1.69 P,

Ye

=1\
Py = Pa(l e 5 Mf,) =(14+09x02x%0.81) =161 P,
Py, = 39.4 kPa
P
T =—2=0.953
Oa

pa = 0.3165p,, = 0.3877 kg/m’
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V =Ma =09 %2973 =267.6 m/s
Hiotal = PoVAiier = 0.3877 x 267.6 x 3.14 = 325.7 kg/s

Fan
Toy =255.6 K

Toio = Top + ATop = 255.6 +42 =297.6 K
Porg = Pop X iy = 39.4 x 1.58 = 62.27 kPa

The fan isentropic efficiency may be expressed as:

ye—1

Tor( 7 —1
Ny = Tows —Toa _ ” (ﬂf ) _ 2556
7 Towo — Ton ATy 42

(1.5892% — 1) = 0.8505 = 85.05 %

Low-pressure compressor

TQ3 = TO]O + ATOLPC = 2976 + 43 = 3406 K
P03 = P010 X Lpc = 62.27 x 1.5 =93.04 kPa

T°1°<”§Cl> 297.6
fLpc = ATope = 43

(1.59%%¢ — 1) = 0.85095 = 85.1%

High-pressure compressor

Tos = Toz + ATogpc = 340.6 + 355 = 695.6 K
P04 = P03 X THpC = 93.40 x 9.75 = 910.65 kPa

re—1
Tos (”Fﬁ"C - 1) 340.6
TP = T A T e 355

(9.75°%% — 1) = 0.88079 = 88.1%

Combustion chamber

npiy Oy

ma(l—b)CpCTos I’l.1a(1+f—b)cphT06
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Fuel-to-air ratio

P my (1 —=b)(CpyTos — Cp.Tos) (1 —b)(1.148 x 1500 — 1.005 x 695.6)
Cmy 10eQuv — Cp;,Tos ~0.96 x 45,000 — 1.148 x 1500

= 0.02466(1 — b)

f=002466(1 —b) (1)

Energy balance for high-pressure spool

Cpe(Toa — Tosz) = (1 +f — b)Cp;(Tos — Tos)
Substitute from (1)

1.005 x (355) = [1 4+ 0.02466 x (1 — b) — b] x 1.148 x (380)
b =20.2%

Bleed=20.2 %

Comment: Though this bleed ratio looks like a great percentage, however, it will
be described in the turbine cooling sections that each blade row may need some 2 %
of air mass flow rate for cooling, and the two turbines here have a total of five stages
and so ten blade rows. In addition bleeding has its other applications for cabin air
conditioning as well as other anti-icing applications.

From equation (1)

Fuel-to-air ratio f=0.01968

This fuel-to-air ratio is a reasonable figure which assures the value previously
obtained for the bleed ratio.

Energy balance for low-pressure spool:

(1+p)Cp ATos + Cp ATorpc = (1 +f — b)Cp;Torer
(1 +ﬂ) x 1.005 x 42 4+ 1.005 x 43 = (1 +0.01968 — 0.202) x 1.148 x 390

p = 6.649
Thus, the bypass ratio is P = 6.649.
Fan airflow rate is then M fan = %mm = % x 325.7 = 283.12 kg/s.
Core airflow rate is then 71 core = #m otal = 75 X 325.7 = 42.58 kg/s.

Fan nozzle

The first step in nozzle analysis is to check whether it is choked or not by
calculating the pressure ratio:
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Poro 1 1

— = — = 2.0478
P. 1\ 7T a1
¢ (1 _ 17 1>h (1 _ L1-471>
ffn Yot 1 09 1.4+1
Poiop  62.27
=——=12.5447
P, 24 .47
Since i e < i £, then the nozzle is choked:
P11 = P. =3041 kPa
2 297.6
Thw=T =——=Too=—F7 =248 K
Yet+1 1.2
297.6
Vl] = V()fan = 1/ }’CRTI] = ﬁ = 315.67 m/S

P
P = 7“] = 0.4273 kg/m’

RT,

Ay = 5099 m?
PV

Turbine nozzle

Here also a check for the choking of turbine nozzle is followed:

P 1 1
S8 _ = — = 1.9835
P. (1 _ iyhfl)rh(—l (1 B L1~333*1>"‘m"
Mon Y1 0.91.333+1
Pog  84.91
=——=34
P, 2447 3.469
Since % < %, then the nozzle is choked:
P9 = P. =42.81 kPa
2 730
Ty=T. = =625.53 K

T =
1 % 1167

Vo = Vo = \/7,RTo = 489.26 m/s

Py 3
=—=0.23845 k ’
Py RT, g/m

_ mcore(l +f - b)

=0.298 m?
poVo

Ag
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Thrust force (T)

T = Ve + (1 +f — 0)1ity Ve — Mo Vitight + P11A11 + PoAg — PA;
T =283.12 x 315.67 + 0.81768 x 42.58 x 489.26 — 325.7 x 267.6
+103(30.4 x 2.099 +42.81 x 0.298 — 24.475 x 3.14)
T =18.97 kN

6.3.5 Forward Fan Mixed-Flow Engine

Mixed turbofan engines are always found in either single- or two-spool engines. It
was used in the past for military applications only. Nowadays it is used in many
civil aircrafts but nearly all military aircrafts. An example for a two-spool engine in
civil aircrafts is the CFM56 series. The cold compressed air leaving the fan will not
be directly exhausted as previously described, but it flows in a long duct surround-
ing the engine core and then mixes with the hot gases leaving the low-pressure
turbine. Thus, the cold air is heated while the hot gases are cooled. Only one mixed
exhaust is found.

6.3.5.1 Mixed-Flow Two-Spool Engine

Most of the mixed turbofan engines now are two-spool ones. If mixed turbofan
engines are analyzed versus unmixed turbofan engines, reasonable improvements
[14] in the following points are noticed; thrust generated, noise reduction and
reverse thrust increase.

Hereafter, a detailed analysis of this category will be given. Figures 6.15 and
6.16 present the engine layout and its temperature—entropy diagram.

The requirements for the mixing process are equal static pressures and also equal
velocities. Thus, from the layout designation, these two conditions are specified as
P; = P7 and V’3 = V7 which means that if no pressure losses in the bypass duct
connecting the cold and hot streams and no pressure loss in the mixing process,
then:

Poro = Poy = Po7 = Pos (6.58)
If losses exist in the fan bypass duct, then:

P;)3 = Po1o — APtan quer and  Po7 = Pog = Py

In the above equation, no pressure drop is considered during the mixing process.
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Fig. 6.15 Layout of a mixed two-spool turbofan

\/

Fig. 6.16 Temperature—entropy diagram for two-spool mixed turbofan

In some engines like the CFM56 series, the mixing process takes place in a mixer
preceding the nozzle. It results in a quieter engine than if the mixer was not present.

1. Energy balance for the low-pressure spool

Considering a mechanical efficiency for the low-pressure spool of (1,,,1), then:
Wean + Wipc = 1,141 Weer

or
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1 (1 4+ ) Cp.(Toro — Toz) + 11, Cp. (Toz — Toro)
= Ny Mg (1 +f) Cpy(Tos — To7) (6.59)

2. Energy balance for the high-pressure spool

Also a second mechanical efficiency for the high-pressure spool is (#,,2)
assumed:

Wupc = 1,0 22WHapr
thus:

i’i?a Cpc (T()4 — T03) =MNm ﬂgl’)"la (1 +f) Cph(T05 — T()6) (660)

3. Mixing process

The hot gases leaving the low-pressure turbine and the cold air leaving the fan
bypass duct are mixed, giving new properties at state (8). Thus, such a process is
governed by the first law of thermodynamics as follows:

H;B +Hy; = Hog
P Cp.Tos +my (1 4f)CpyTor = my (1 +f+f)CpyTog

which is reduced to:
PCp.Tos + (1 +f)CpTo; = (1 + p+f)CpyTos (6.61)

Now for a better evaluation of the gas properties after mixing, we can use mass-
weighted average properties of the gases at state (8) as follows:

(1+/)Cp7 + pCp;

C p—
Ps 1+f+p
(1 +f)R7 + fR3
1+f+p
N Cps
Vs =~ 5
Cpg — Rg

Consider the real case of mixing where normally losses are encountered and a
pressure drop is associated with the mixing process. Such pressure losses are either
given as the value AP ,;.in, OF as a ratio r,, in the mixing process:

Pog = Po7 — APnixing or
Pog = rmPo7 where r,, < 1 =~ 0.98
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Check nozzle choking as previously outlined. If the nozzle is unchoked, then the
exhaust velocity is calculated from the relation:

2y RTosn, rel
Vo= [0 1 (P /Pos) 7 |
’ \/ (}/c - 1) ( / 08)

If the nozzle is choked, then Vo = /y .RTy = %RTOS

The thrust force is then given by the relation:

T =rma[(1+f+p)Vo— (1 +p)U] + Ag(Py — P,) (6.62)

6.3.5.2 Mixed Turbofan with Afterburner

Since more than three decades, most military aircrafts are powered by a low-bypass
ratio turbofan fitted with an afterburner [15]. One of the earliest afterburning
turbofan engines is the Pratt & Whitney TF30 that powered the F-111 and the
F-14A Tomcat. First flight of the TF30 was in 1964 and production continued until
1986. Afterburning gives a significant thrust boost for takeoff particularly from
short runways like air carriers, transonic acceleration, and combat maneuvers, but is
very fuel intensive. This engine is a mixed low-bypass ratio forward fan one. The
mixed flow still has a sufficient quantity of oxygen for another combustion process.
Thus, an afterburner is installed downstream of the low-pressure turbine and
upstream of the nozzle. Tremendous amounts of fuel are burnt in the afterburner
when it is lit. This rises the temperature of exhaust gases by a significant amount
which results in a higher exhaust velocity/engine specific thrust. For a turbofan
engine, afterburning (or reheat) offers greater gains because of the relatively low
temperature, after mixing of the hot and cold streams and the large quantity of the
excess air available for combustion. Exhaust nozzle is normally of the variable area
type to furnish a suitable media for different operating conditions. Unlike the main
combustor, an afterburner can operate at the ideal maximum (stoichiometric)
temperature (i.e., about 2100 K). Now, at a fixed total applied fuel-to-air ratio,
the total fuel flow for a given fan airflow will be the same, regardless of the dry
specific thrust of the engine. However, a high specific thrust turbofan will, by
definition, have a higher nozzle pressure ratio, resulting in a higher afterburning
net thrust and, therefore, lower afterburning specific fuel consumption.

Though afterburning turbofan engines are mostly two-spool engine, some few
single-spool ones are found. An example for single-spool afterburning is the
SNECMA M353 developed for the Dassault Mirage 2000 fighter. The engine is in
service with different air forces, including the latest Mirage 2000-5 and 2000-9
multirole fighters. It had two variants, M 53-5 and M63-P2, which develop dry
thrust, 54.0-64.7 kN, and wet (afterburning thrust) of 86.3-95.1 kN. Overall
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pressure ratio is 9.8:1, bypass ratio is 0.36:1, specific fuel consumption is 0.90
(kg/daN.h), and thrust-to-weight ratio is 6.5.
Examples for other two-spool afterburning turbofans are:

The Pratt & Whitney series F100-220 (thrust: 40 K), F100-229 (48 K), F100-232
(28 K), F119 (65 K)

Eurojet EJ200

General Electric F110

Rolls-Royce Adour Mk.104

Russian engine RD-133

It is interesting to add here that military engines are now so powerful that the
latest fighters can supercruise; (flying at sustained supersonic speed without the use
of the afterburner). Examples are the Lockheed Martin: F-22 Raptor and
Eurofighter: Eurofighter Typhoon can accelerate to supersonic speed (without
using augmentation) and then sustain such a speed indefinitely in dry thrust. F-22
can supercruise at Mach 1.82, while Eurofighter Typhoon can supercruise at Mach
1.1-1.5.

A. Forward fan mixed afterburning low-bypass turbofan (LBPT) engine

The flow mixing will be the only difference in the cycle from that of afterburning
turbojet engine. Figure 6.17 shows the configuration of a single-spool afterburning
turbofan engine, while Fig. 6.18 shows its T-s diagram, and Fig. 6.19 shows its
block diagram together with its input and output data.

A typical layout of a two-spool afterburning turbofan engine is displayed in
Fig. 6.20, while its T-s diagram for an ideal cycle is shown in Fig. 6.21.
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Fig. 6.17 Configuration of mixed turbofan with afterburner
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Fig. 6.18 T-s diagram for a single-spool mixed turbofan with afterburner
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Fig. 6.19 Block diagram for a single-spool mixed afterburning turbofan engine

The same conditions necessary for mixing described above still hold. Thus, the
following relation stands for ideal conditions (no pressure losses):

Po1o = Po7 = Pog = Po11

Normally mixing process is associated with pressure losses, which may be
governed by either one of the following equations for losses:

Pog = Po7 — APnixing
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Fig. 6.20 Layout of a typical two-spool mixed afterburning engine

T Pon

Fig. 6.21 T-s diagram for two-spool mixed afterburning engine

Or Pog = rpPo7 wherer,, < 1 ~0.98

Here Py, is the total pressure at the outlet of the afterburner, when it is operative.
Moreover, the outlet temperature of the afterburner is Ty;; which is known in
advance. It is limited by the maximum temperature that the material of afterburner
can withstand. However, it could be much higher than the total turbine inlet
temperature (TIT) due to the absence of mechanical stresses arising from centrif-
ugal forces created by the rotation of the turbine blades.
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Now the mass balance in the afterburner gives the following afterburner fuel-to-
air ratio (f,;), where (f,;) defined as:

M g

b= 6.63
fdb m( + I’i’lh ( a)
Then the energy balance of the afterburner yields the relation:
Cpy To11-CpgT
fu = Piiton-Cpglos (6.63b)

1@y — Cpiy Ton
The pressure loss in the afterburner is also governed by the relation:
Pooa = Pog — APy

Next a convergent—divergent nozzle will enhance a full expansion to the ambient
pressure. Thus, the jet speed will be given by the relation:

P\ %
.'.Vlz = ZC[)HT()]] 1-— ( > (664)

Po11

The thrust force is now:
T=m,Vip —nm;Vs
With the exhaust mass flow rate defined as:

’7.1e = me +mh(1 +f) —‘rl’}.’lfﬂh
me - {Vi’l(; +mll (1 +f)}(1 +fab)

Then the thrust is now expressed as:

T ={m.+mp(1+1)}1+f,)Viz — (ti1c + 1p)Voo (6.65)

6.3.5.3 Geared Turbofan (GTF)

Geared turbofans are of the two-spool unmixed forward fan category (Figs. 6.22
and 6.23). Since the fan is normally part of the low spool, both fan and LPT are
turning at the same speed (V). This speed, however, often is a compromise. The fan
really operates more efficiently at low rotational speeds (rpm), while the rest of the
low spool is more efficient at higher speeds. Putting a reduction gear in between
these components makes it possible for the fan and the low spool to run at their
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Fig. 6.22 Layout of geared turbofan (top) and planetary gearbox (bottom). (1) Fan (2) planetary
gearbox

optimum speed, namely, N, for fan and N5 for LPT. This in turn will minimize the
possibility of formation of shock waves in the fan leading to a higher efficiency.
The other advantages are more fuel efficiency, reduced noise levels, reduced
emission (CO, and NOy), fewer engine parts (fewer compressors and turbine
stages), as well as reduction in overall operating costs. Gearbox used here is of
the planetary type as shown in Fig. 6.22. Planetary gearbox is recommended as its
length is short to match with minimum size requirements of turbofan engines.

Examples of geared turbofan engines

Low-pressure spool may be either composed of a fan driven by low-pressure
turbine or a fan and low-pressure compressor representing the compression section
driven by a low-pressure turbine. In either cases, a reduction gearbox is located
directly downstream the fan.
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Fig. 6.23 Lycoming ALF502R geared turbofan

An example for geared turbofan is the Honeywell LF 507 produced by
Lycoming, AlliedSignal, and then Honeywell Aerospace. The earlier ALF 502
was certified in 1980 [16]. The improved, higher-thrust LF 507 was used on the
Avro RJ update of the British Aerospace BAe 146. Lycoming ALF502R shown in
Fig. 6.23.

A second example is Pratt &Whitney PurePower PW1000G series (PW1100/
1200/1400/1500/1700 G/1900) engine which represents the future geared turbofan
scheduled for 2015-2018 [17]. It will power A320neo, MRJ, MS-21, and CSeries.

The PurePower PW1000G engine family has a maximum thrust in the range
62-100 kN.

It also has the following advantages;

It improves fuel burnup to 16 % versus today’s best engines. That alone could save
airlines nearly $1,400,000 per aircraft per year

It cuts carbon emissions by more than 3500 t per aircraft per year. That’s equal to
the effect of planting more than 900,000 trees.

It will be ready to power aircraft well with biofuels since it has successfully been
tested with alternative fuel.
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Its TALON™ X combustor slashes polluting emissions. Thus, it will surpass the
most stringent standards (CAEP/6) by 50 % for nitrous oxide (NOX).

It slashes aircraft noise footprints by up to 75 %—a big relief to communities. At up
to 20 dB below today’s most stringent standard, it is the quietest engine in its
class, meaning lower noise fees, shorter flight tracks, extended curfew operation,
and quieter cabins.

Now, concerning thermodynamic analysis of geared turbofan, if the mechanical
efficiency of gearbox is 774, then two cases are examined. Firstly, the low-pressure
spool is composed of fan and a low-pressure turbine. The fan states are 2 and 3 and
the LPT states are 6 and 7. Then energy balance is expressed by the relation:

(1 +B)1mCp.(Tos — Toa) = ngphittytia (1 +f —b) Cpj,(Tos — Tor)  (6.66)

myp
Ma
HPC to the core airflow rate.

In the second case, the low-pressure turbine (states 6 and 7) drives both fan
(states 2 and 10) and low-pressure compressor (states 10 and 3). Then the energy
balance equation will be expressed as:

where b = =% is the air bleed ratio defining the ratio between the air bled and the

(1 + p)maCp.(Toro — Toz) + maCp.(Tos — Too)
= NgptMmta (1 +f —b) Cpy(Tos — To7) (6.67)

Concerning the high-pressure spool, with an air bled from a station just downstream
of HPC and prior of combustion chamber:

1aCp(Tos — To3) = Aotatita (1 +f —b) Cpy, (Tos — Tos) (6.68a)

Next, if air is bled from at a station within the high-pressure compressor (HPC),
identified by the pressure P;,, then the energy balance of the high-pressure spool is
given by:

1aCp.(Tosy — To3) + 1maCp. (1 — b)(Tos — Tozn)
= /127’]",[2}’).’[,1 (1 +f - h) Cph (T()5 - TOG) (668]3)

6.3.6 Forward Fan Unmixed Three-Spool Engine

The three-spool engine is composed of a low-pressure, intermediate-pressure, and
high-pressure spools running at different speeds (N, N, and N3). The fan and the
low-pressure turbine (LPT) compose the low-pressure spool. The intermediate
spool is composed of an intermediate-pressure compressor (IPC) and
intermediate-pressure turbine (IPT). The high-pressure spool is also composed of
a high-pressure compressor (HPC) and high-pressure turbine (HPT). Rolls-Royce
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was the first aero engine manufacturer to design, develop, and produce the three-
spool turbofan engine. The Rolls-Royce RB211 was the first three-spool engine to
enter service (1972). Later on several manufacturers developed and manufactured
this type of engines.

The main advantages of three-spool arrangement:

1. Shorter modules and shafts which result in a shorted engine

(a) Single-stage fan with no booster stages
(b) Fewer overall compressor stages and fewer variable stages
(c) Shorter high-pressure compressor

2. Higher efficiencies as each spool is running at its “optimum speed”
. Greater engine rigidity
4. Lighter weight

(98]

The main drawbacks of this three-spool category are that they are more complex
to build and maintain [18].

Examples for three-spool engines
1. Rolls-Royce RB211

The first of the whole series was RB211-22 series [18] which first saw service in
1972.1ts thrust rating is 169 kN. Several subsequent series were developed with
thrust rating of 222-270 kN, featured FADEC (full authority digital engine—or
electronics—control), and wide-chord fan (which increases efficiency, reduces
noise, and gives added protection against foreign object damage).

2. Rolls-Royce Trent

It is a family of high-bypass developed from RB211 with thrust ratings of
236423 kN. Its layout provides lighter weight and better performance. It features
the wide-chord fan and single crystal high-pressure turbine blades with improved
performance and durability. The core turbomachinery is brand new, giving better
performance, noise, and pollution levels.

The layout of this engine and the T-s diagram is shown in Figs. 6.24 and 6.25.
Air bleed is also extracted from the high-pressure compressor at station (4b), not
shown.

1. Energy balance of the 1st spool (fan and LPT)

(1+B)maCp (Tos — Toz) = Ny diritg (1 +f — b)Cpy (Tog — Too) (6.69)

2. Energy balance for the intermediate spool (IPC and IPT)

11aCp(Tos — Toz) = Nyplotitg (1 +f — b)Cp;, (To7 — Tog) (6.70)
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Fig. 6.25 T-s diagram for a three-spool turbofan

3. Energy balance for the high-pressure spool (HPC and HPT) with inter-bleed
stage at (4b)

1qCp. (Toap — Tos) + (1 — b) m.Cp.(Tos — Toas)
= Nuahs3tia (1 +f — b)Cp;, (Tos — To7) (6.71)
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The same procedure discussed earlier in evaluating the fuel-to-air ratio, jet veloc-
ities of the cold air, and hot gases from the fan and turbine nozzles may be followed
here. The propulsive, thermal, and overall efficiencies are obtained following the
appropriate equations from Chap. 2.

Example 6.11 A. Triple-spool unmixed turbofan engine (Trent 700) is shown in
Fig. 6.26. Bleed air having a percentage of 8 % is taken from HP compressor to cool
HP and IP turbines as shown in Fig. 6.27. Engine has the following data in Table 6.4
below:

For takeoff operation where Mach number M = 0.2 at sea level, calculate:

1. The total temperature at the outlet of the fan and intermediate- and high-pressure
compressors

2. The total temperature at the outlet of the high-, intermediate-, and low-pressure
turbines

Fan (LP compressor) IP compressor HP compressor IP turbine LP turbine

HP turbine

. Low pressure (LP)

Intermediate pressure (IP)

. High pressure (HP)

Three-shaft configuration

Fig. 6.26 Layout of unmixed three-spool engine (Trent 700)

Fig. 6.27 Layout of three- ™~ one stage L.P.T
spool engine and air bleed H.P.C -

details \| ’\L‘ one stage Hlljfl

~
L \1{ Bleed air
I
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Tab!e 6d4t Ab t?ple—sp.ool Variable Value Variable Value
operating conditons (Trent 038 S 003
700) nr 0.9 APfanduct 0
e 0.89 cp. (J/kg.K) 1005
U 0.98 cpr (I/kg K) 1148
e 0.93 R (J/kg.K) 287
Mn 0.98 Ve 14
fm 0.99 Yh 1.33
A 0.84 B 0.08
A 1 B 5.05
4 1 TIT (K) 1543
M 0.82 Tipc 5.8
F 1.45 THPC 4.2

3. The pressure and temperature at the outlet of cold and hot nozzles

4. Specific thrust, thrust specific fuel consumption, and propulsive, thermal, and

overall efficiencies

Solution
At takeoff (M =0.2) at sea level

Cycle analysis from Figs. 6.26 and 6.27:
Diffuser (a-2)

7071
2

y%’c*l
Py = Pa(l +ny MZ) =1.0384 x 10° Pa

_1
Toy =T, (1 1 yTM2> — 290.4653 K

Fan (2-3)

Po3 = Ppy iy = 1.5057 x 10° Pa

Ye—1
Yoo

T
Tos =T [ 1+-—— | =326.6124K
y

Intermediate-pressure compressor (IPC) (3—4)

P04 = P03 X ipc = 8.7333 x 105 Pa
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7

Ye 71
Toa = Tos [ 1 +ZP€ " | = 566.0401 K
Hipc

High-pressure compressor (HPC) (4-5)

Bleed air is extracted at an intermediate state defined as:

P04b :P04 X \/TTHPC = 1.7898 x 106Pa

Ye—1
27 -1

Toas = Toa | 1+ ZHC—~ ) —710.7556 K
Mupc

Pos = Poap X /7mrc = 3.6680 x 10°

Yool

e 1
Tos = Tows | 1+ HEC—~ | — 892 4693K
Tupc
Combustion chamber (CC) (5-6)

Tos = TIT, Pos = Pos x (1 — Ap,,) =3.5579 x 10° kPa

r=a-n(

Cph X TOG - Cpc X TOS
M, X Or — Cpn X Tog

) = 0.0213

High-pressure turbine (HPT) (6-7)

To7=Tos— K’?m I (lcj—(f—b) » Cph) X ([Toap — Toa] + (1 —b) x[Tos — Toap))
=1206.8 K
T
Py = P06<1 - M)”‘ = 1.2134 x 10° Pa
et X Tos

Intermediate-pressure turbine (IPT) (7-8)

X [Toa —T
Tos = Tor — Cpe  [Tos 23] — 995.3980 K
A X M X (14 =5) x Cp
Th
To7 — Tos]\ 7 T
Pos = Pon (1 — L0~ T8N ™ _ 5 2318 4 10° Pa
Mipr X Toz



6.3 Turbofan 477

Low-pressure turbine (LPT) (8-9)

1 Coo X [Tos — T
T09:T08_<( ) x Cpe x [Tos 02])2798.3326K
A3 X My X (14f) X Cpyy
Yh
Tog — Tool \ 71
Poo :Pog(l —M>’ —1.9938 x 10° Pa
fpr X Tos

Hot nozzle (10-11)

Poio = Poo(1 — Apyue) = 1.9339 x 10° Pa

Th

To get critical pressure: P, = Pom(l — %L{;—;ﬂ )Fl =1.0309 x 10° Pa

Where P, = 1.01325 x 10° Pa

Since P > P,, then the hot nozzle is choked:

2
SJPy=P., Ty= TOIO( ) = 685.2640 K,
vnt+ 1

Vll — 1/thT11 =511.4412 m/s

Cold nozzle (3—12)

Th

The critical pressure: P. = P (1 — WLL’Z’—;}} )”_4 = 7.8415 x 10* Pa

Since P, = 1.01325 x 10° Paand then P < P,, the cold nozzle is unchoked:

vp—1

P\
P =P,  Ti=To [1 —n, (1 - <—“> ' )] =292.3616 K,
Po3

Vi = /2C(Tos — T,,) = 280.4278 m/s
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Specific thrust

T 1 RTy;
e Km) [(1+f)><V11+/3><V12+(1+f) <P11V”>(P“_P“)

RT
+p <P12v12> (Plz—Pa)] —V]

=253.4724N.s/kg

Where:

T is the thrust force, m; is the air mass flow rate.
V is the flight speed, V; is the exhaust hot gas speed.
V1, is the exhaust cooled gas speed.

Since the cold nozzle is unchoked, then P, = P,, and the corresponding pressure
thrust is zero.

Thrust specific fuel consumption

TSFC JM =1.3898 x 107> kg/(N.s)

T/m,

Propulsive efficiency

= T/m; xV
P 5 1+f 2 p 2
T/ma xV 4+ |:05 (m) (Vl] — V) :| + |:05 (m) (VIZ — V) :|
= 0.3275
Thermal efficiency

T/m® x V + [0.5(;%-;) (Vi — V)Z} + [0.5 (ﬁ) (Via — V)z}
()2

M = = 0.3560

Overall efficiency

T/m; xV

n,=n, xny=—F—~5—=0.1166
e
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6.4 Turbine-Based Combined-Cycle (TBCC) Engines

6.4.1 Introduction

Long distance airliner flights are troublesome to passengers particularly if it last for
more than 6 h. This motivated aerospace industry for working hard in designing and
manufacturing airplanes and space planes that will satisfy the greatest human
demands for faster and comfortable Earth and space flights. This can be achieved
by designing engines that power airplanes/space planes which fly at high speeds
(Mach 3.0%) and high altitudes (20,000 m). Such propulsion system has to facil-
itate low subsonic conditions for takeoff/climb flight segments and hypersonic
speeds for cruise operation. Such tough requirements can be achieved only through
combined-cycle engines (CCE) or sometimes identified as hybrid engines. These
engines will combine a turbine-based cycle (TBC) (turbojet or turbofan) for low-to-
moderate flight speed operation and a ram-based cycle (RBC) (ramjet, scramjet, or
dual combustion scram) for high-speed conditions. These are also frequently
identified as turbine-based combine cycle (TBCC) engines.

Moreover, such hybrid engines can also be employed in the long-range tactical
missiles as well as high-performance unmanned aerial vehicles (UAVs) or
unmanned combat aerial vehicles (UCAVs) [39].

Figure 6.28 illustrates such a hybrid engine powering a future super-/hypersonic
speed transport.

Figure 6.29a illustrates hybrid engine layout for low-/moderate-speed operation,
where turbojet (or turbofan) engine is active, while ramjet/scramjet engine is
inoperative. Figure 6.29b illustrates operative ramjet/scramjet engine and inopera-
tive turbojet/turbofan engine during high-speed operation.

Concerning turbine-based cycle, only afterburning category of turbojet or tur-
bofan engines is employed. However, all types of ram, scram, or dual combustion
scram are employed as ram-based cycles. These two groups will generate the
following six different combinations for the TBCC:

Turbojet and ramjet (TJRJ)

Turbojet and scramjet (TJSJ)

Turbojet and dual combustion scramjet (TJDJ)
Turbofan and ramjet (TFRJ)

Turbofan and scramjet (TFSJ)

Turbofan and dual combustion scramjet (TFDJ)

Turbine Flowpath

Ramjet / S jet Fl th
BT Scramiet Howoe Turbine Engine

Fig. 6.28 Layout of a hybrid or turbine-based combined-cycle engine (TBCC)
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Splitter Cowl (closed)

Fig. 6.29 Layout of a turbine-based combined-cycle engine (TBCC). (a) Operative turbojet/
turbofan only. (b) Operative ramjet (scramjet) only

Turbine Based Turbine Based Combined Ram Based
Cycle Cycle Engine (TBCC) Cycle
i I TJRJ !
i Turbojet : 1J8J E
i L TJDJ '
i L TFRJ ! E
' | Turbofan : TFSJ L ;
i e Y o i
b J] < ) b i

Fig. 6.30 Block diagram of the different configurations of the turbine-based combined cycle [19]

Figure 6.30 shows block diagram of these different combinations of the turbine-
based combined cycle [19].

It is worth mentioning here that for an aircraft cruising at Mach 6, a multistage
vehicle is an alternative for TBCC (or hybrid) engine. A multistage vehicle is
composed of two vehicles (or stages), one having turbine engines to enhance
takeoff and acceleration to supersonic speeds where the second vehicle (stage) is
driven by ramjet or scramjet engines for supersonic/hypersonic flight speeds
(Fig. 6.31).

In the following sections, a brief historical review of super-/hypersonic aircrafts
followed by mathematical modeling of such complex engine will be given.
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Fig. 6.31 A multistage aircraft concept

6.4.2 Historical Review of Supersonic and Hypersonic
Aircrafts

6.4.2.1 Supersonic Aircrafts and Programs

Supersonic aircrafts have been used almost entirely for research and military
purposes. Only two airliners, Concorde and the Tupolev Tu-144, were ever
designed for civil use.

Quick highlights will be described as:

On October 14, 1947, the Bell X-1 rocket plane, launched at an altitude of
approximately 20,000 ft from the Boeing B-29, became the first airplane to fly
faster than the speed of sound [20]. The X-1 reached a speed of 1127 km/h (Mach
1.06) at an altitude of 43,000 ft. However, it was powered by a liquid-fueled rocket.

In 1954, the second generation of Bell X-1 reached a Mach number of 2.44 at an
altitude of 90,000 ft.

On December 22, 1964, Lockheed SR-71 Blackbird (Fig. 6.32) entered service.
It is a long-range, strategic reconnaissance aircraft which can fly at Mach number of
(34), maximum speed (3530+) km/h at 80,000 ft (24,000 m). It is powered by
2 Pratt & Whitney J58-1, turboramjet engines continuous-bleed afterburning tur-
bojet [21]. However, it retired on October 9, 1999.

The Tupolev Tu-144 was the first commercial supersonic transport aircraft
(SST), Fig. 6.33. The design, publicly unveiled in January 1962, was constructed


http://en.wikipedia.org/wiki/Concorde#Concorde
http://en.wikipedia.org/wiki/Tupolev_Tu-144#Tupolev%20Tu-144
http://en.wikipedia.org/wiki/Rocket#Rocket
http://en.wikipedia.org/wiki/Supersonic_transport#Supersonic%20transport
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Fig. 6.32 SR-71 aircraft [21]

Fig. 6.33 Tupolev TU-144

in the Soviet Union under the direction of the Tupolev design bureau, headed by
Alexei Tupolev. The prototype first flew on December 31, 1968, near Moscow, two
months before the first flight of Concorde. The Tu-144 first went supersonic on June
5, 1969, and, on May 26, 1970, became the first commercial transport to exceed


http://en.wikipedia.org/wiki/Soviet_Union#Soviet%20Union
http://en.wikipedia.org/wiki/Tupolev#Tupolev
http://en.wikipedia.org/wiki/OKB#OKB
http://en.wikipedia.org/wiki/Alexei_Tupolev#Alexei%20Tupolev
http://en.wikipedia.org/wiki/Prototype#Prototype
http://en.wikipedia.org/wiki/Moscow#Moscow
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Fig. 6.34 Concorde supersonic airplane

Mach 2. Tu-144 is powered by 4 x Kolesov RD-36-51 turbojet, 200 kN (44,122 1bf)
each. It was withdrawn from service 1985 after only a ten-year line life. However,
in 1994, NASA had some developments for TU-144 that led to the first flight of the
flying laboratory plane TU-144LL on November 29, 1996. The last time TU-144
was shown was during MAKS 2013 Eleventh International Aviation and Space
Salon held from August 27 to September 1, 2013, in Zhukovsky, Moscow region.

Aérospatiale-BAC Concorde was jointly developed and produced by
Aérospatiale and the British Aircraft Corporation (BAC) (Fig. 6.34). On March
2, 1969, “Concorde” French prototype 001 made its first flight from Toulouse,
while on April 9, 1969, “Concorde” British prototype 002 made its first flight from
Filton. Concorde entered service in /976 and continued commercial flights until
November 26, 2003. Concorde powerplant is 4 x Rolls-Royce/SNECMA Olympus
593 Mk 610 afterburning turbojets having dry thrust 140 kN each while thrust with
afterburner 169 kN each.

Many projects for SST were cancelled. Examples are:

(British) Bristol Type 223; (French—American) Convair BJ-58-9, Boeing 2707—
100, Lockheed L-2000, Douglas 2229, and Tupolev Tu-244; (Russian—American)
Sukhoi-Gulfstream S-21

Supersonic business jets (SSBJ) are a proposed class of small supersonic aircraft.
None has yet flown. Examples are Aerion SBJ, HyperMach SonicStar, Tupolev
Tu-444, and Gulfstream X-54. All are still under development.

Examples for flying strategic bombers (defined as a heavy bomber that carries a
large bomb load over long distances) are Convair B-58 A Hustler (1956), Tupolev


http://en.wikipedia.org/wiki/Mach_number#Mach%20number
http://en.wikipedia.org/wiki/Kolesov_RD-36-51#Kolesov%20RD-36-51
http://en.wikipedia.org/wiki/A%C3%A9rospatiale#A%C3%A9rospatiale
http://en.wikipedia.org/wiki/British_Aircraft_Corporation#British%20Aircraft%20Corporation
http://www.concordesst.com/001.html#_blank
http://www.concordesst.com/002.html#_blank
http://en.wikipedia.org/wiki/Aircraft_engine#Aircraft%20engine
http://en.wikipedia.org/wiki/Rolls-Royce/Snecma_Olympus_593#Rolls-Royce/Snecma%20Olympus%20593
http://en.wikipedia.org/wiki/Rolls-Royce/Snecma_Olympus_593#Rolls-Royce/Snecma%20Olympus%20593
http://en.wikipedia.org/wiki/Turbojet#Turbojet
http://en.wikipedia.org/wiki/Afterburner#Afterburner
http://en.wikipedia.org/wiki/Bristol_Type_223#Bristol%20Type%20223
http://en.wikipedia.org/wiki/Convair_Model_58-9#Convair%20Model%2058-9
http://en.wikipedia.org/wiki/Boeing_2707#Boeing%202707
http://en.wikipedia.org/wiki/Lockheed_L-2000#Lockheed%20L-2000
http://en.wikipedia.org/wiki/Douglas_2229#Douglas%202229
http://en.wikipedia.org/wiki/Tupolev_Tu-244#Tupolev%20Tu-244
http://en.wikipedia.org/wiki/Sukhoi-Gulfstream_S-21#Sukhoi-Gulfstream%20S-21
http://en.wikipedia.org/wiki/Aerion_SBJ#Aerion%20SBJ
http://en.wikipedia.org/wiki/HyperMach_SonicStar#HyperMach%20SonicStar
http://en.wikipedia.org/wiki/Tupolev_Tu-444#Tupolev%20Tu-444
http://en.wikipedia.org/wiki/Tupolev_Tu-444#Tupolev%20Tu-444
http://en.wikipedia.org/wiki/Gulfstream_X-54#Gulfstream%20X-54
http://en.wikipedia.org/wiki/Tupolev_Tu-22#Tupolev%20Tu-22
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Tu-22 (1959), Myasishchev M-50 (1959), North American XB-70 Valkyrie (1964),
Tupolev Tu-22M (1969), Sukhoi T-4 (1972), and Rockwell B-1B Lancer (1986). A
next-generation stealthy supersonic strategic bomber is being planned in the USA
under the 2037 Bomber project.

Few examples for flying supersonic fighters (sometimes called fast jets) are
listed hereafter and arranged by country:

China

Shenyang J-11 (1998), Shenyang J-15 Flying Shark (2009), Shenyang J-16 (2012)

Egypt

Helwan HA-300 (March 7, 1964) and retired May 1969

France

Dassault Mirage 5 (1967), Dassault Mirage 2000 (1978), Dassault Rafale (1986)

Japan

Mitsubishi T-2 (1971), Mitsubishi F-1 (1975), Mitsubishi F-2 (1995)

Sweden

Saab 32 Lansen (1952), Saab 35 Draken (1955), Saab JAS 39 Gripen (1988)

Soviet Union/Russia

Mikoyan MiG-31 (1975), Mikoyan MiG-35 (2007), Sukhoi Su-35 (2008)

United States

North American F-100 Super Sabre (1953), Lockheed Martin F-22 Raptor (1997),
Lockheed Martin F-35 Lightning II (2006)

It is to be noted that all the above listed aircrafts are powered by either one or
more of turbojet or turbofan engines fitted with afterburners.

6.4.2.2 Hypersonic Vehicles

Aircraft or spacecrafts flying at speeds above Mach 5 are often referred to as
hypersonic aircraft. A very brief review of the work held in the field of hypersonic
aviation in different countries is given in [22]. NASA has been working in the
design of a lot of hypersonic commercial aircrafts from the 1970s till now. Perhaps
one of the most well-known activity concepts is the commercial derivative of the
NASP project.

Concerning military applications, trends of the 1950s and 1960s indicated that
military aircraft had to fly faster and higher to survive, so concepts for high-altitude
fighters and bombers cruising at Mach 4 or more were not uncommon. Although the
trend soon fizzled and military planners looked to maneuverability and stealth for
survival, the military has recently shown renewed interest in hypersonic flight. For
example, many have conjectured about the existence of a Mach 5 spy plane, the
Aurora, that may be a scramjet powered (Fig. 6.35).

The only manned aircraft to fly in the low hypersonic regime was the X-15
(Fig. 6.36) and the Space Shuttle during reentry. American Robert White flew the
X-15 rocket-powered research aircraft at Mach 5.3 thereby becoming the first pilot
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http://en.wikipedia.org/wiki/North_American_XB-70_Valkyrie#North%20American%20XB-70%20Valkyrie
http://en.wikipedia.org/wiki/Tupolev_Tu-22M#Tupolev%20Tu-22M
http://en.wikipedia.org/wiki/Sukhoi_T-4#Sukhoi%20T-4
http://en.wikipedia.org/wiki/Rockwell_B-1B_Lancer#Rockwell%20B-1B%20Lancer
http://en.wikipedia.org/wiki/2037_Bomber#2037%20Bomber
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http://en.wikipedia.org/wiki/Shenyang_J-11#Shenyang%20J-11
http://en.wikipedia.org/wiki/Shenyang_J-15#Shenyang%20J-15
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http://en.wikipedia.org/wiki/Dassault_Mirage_5#Dassault%20Mirage%205
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http://en.wikipedia.org/wiki/Mitsubishi_T-2#Mitsubishi%20T-2
http://en.wikipedia.org/wiki/Mitsubishi_F-1#Mitsubishi%20F-1
http://en.wikipedia.org/wiki/Mitsubishi_F-2#Mitsubishi%20F-2
http://en.wikipedia.org/wiki/Sweden#Sweden
http://en.wikipedia.org/wiki/Saab_32_Lansen#Saab%2032%20Lansen
http://en.wikipedia.org/wiki/Saab_35_Draken#Saab%2035%20Draken
http://en.wikipedia.org/wiki/Saab_JAS_39_Gripen#Saab%20JAS%2039%20Gripen
http://en.wikipedia.org/wiki/Soviet_Union#Soviet%20Union
http://en.wikipedia.org/wiki/Russia#Russia
http://en.wikipedia.org/wiki/Mikoyan_MiG-31#Mikoyan%20MiG-31
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http://en.wikipedia.org/wiki/North_American_F-100_Super_Sabre#North%20American%20F-100%20Super%20Sabre
http://en.wikipedia.org/wiki/Lockheed_Martin_F-22_Raptor#Lockheed%20Martin%20F-22%20Raptor
http://en.wikipedia.org/wiki/Lockheed_Martin_F-35_Lightning_II#Lockheed%20Martin%20F-35%20Lightning%20II
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http://www.aerospaceweb.org/aircraft/recon/aurora/
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Fig. 6.35 Aurora a hypersonic fighter

Fig. 6.36 X-15

to reach hypersonic velocities and at a record altitude of 314,750 ft on July
17, 1962. White’s mark was later topped by fellow X-15 pilot Pete Knight who
flew the craft to a maximum speed of Mach 6.72 in 1967. The record still stands
today as the highest velocity ever reached by an aircraft. Recently, an unmanned
X-43A used a scramjet, to make two hypersonic flights, one at Mach 7, the other at


http://www.grc.nasa.gov/WWW/K-12/airplane/scramjet.html
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Mach 10. Because lift and drag depend on the square of the velocity, hypersonic
aircraft do not require a large wing area.

6.4.3 Technology Challenges of the Future Flight

The key technology challenges that are derived from the customer requirements and
vehicle characteristics are related to economics, environment, or certification [23]:

Environment

Benign effect on climate and atmospheric ozone

Low landing and takeoff noise

Low sonic boom

Economics range, payload, fuel burn, etc.

Low weight and low empty weight fraction

Improved aerodynamic performance

Highly integrated airframe/propulsion systems

Low thrust specific fuel consumption (7.SFC)

Long life

Certification for commercial operations

Acceptable handling and ride qualities

Passenger and crew safety at high altitudes

Reliability of advanced technologies, including synthetic vision

Technical justification for revising regulations to allow supersonic operations over
land

6.4.4 Propulsion System Configurations
6.4.4.1 Introduction

There are two main layouts for the turboramjet (or TBCC) engine, namely:

Wraparound configuration
Over—under configuration

The differences between them are:

The position of the ram with respect to turbojet
The position of the afterburner of the turbojet with respect to the ram
Wraparound turboramjet

The wraparound installation methods are limited for axisymmetric propulsion
systems. In such a configuration, the turbojet is mounted inside a ramjet (Fig. 6.37).


http://www.grc.nasa.gov/WWW/K-12/airplane/lift1.html
http://www.grc.nasa.gov/WWW/K-12/airplane/drag1.html
http://www.grc.nasa.gov/WWW/K-12/airplane/vel.html
http://www.grc.nasa.gov/WWW/K-12/airplane/geom.html
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VARIABLE INTAKE INTAKE GUIDE VANES VARIABLE NOZZLE
(large area) (open) (large area)

LOW MACH NUMBER

WARIABLE INTAKE INTAKE GUIDE VANES VARIABLE NOZZLE
(small area) (shut) {small area)

HIGH MACH NUMBER

Fig. 6.37 Wraparound turboramjet [26]

Usually both engines share the same intake and nozzle, while the combustion
chamber of the ramjet engine may be located in the afterburner of the turbojet
engine or separated from it. The flow is divided between the two engines by mean of
a number of bypass flaps or movable inlet guide vanes—Ilocated just downstream of
the diffuser—that control the air mass fraction passing through each engine. The
wraparound configuration with ram burner in the afterburner of turbojet was used in
the Pratt & Whitney J58 engine that powered the Blackbird SR-71 that flows with
speed of Mach 3+ (Fig. 6.32). Figure 6.37 shows wraparound TBCC installed on
SR-71 in its two configurations for low and high Mach number operation [26]. Dur-
ing low-speed flight, these controllable flaps close the bypass duct and force air
directly into the compressor section of the turbojet. During high-speed flight, the
flaps block the flow into the turbojet, and the engine operates like a ramjet using the
aft combustion chamber to produce thrust.

The Nord 1500 Griffon II, a French aircraft powered by a SNECMA ATAR
101 E-3 dry turbojet and a wraparound ramjet having a separate combustion
chamber, was the first aircraft powered by combined-cycle engine in the 1950s
(Fig. 6.38).

Two installation configurations are seen for the wraparound turbo ramjet
engines, namely:

Wing like SR-71 [25-27] (Fig. 6.37)
Fuselage like Griffon II (Fig. 6.38)
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Ramijet duct
(larger than
jet engine)

Ramijet fuel
injector ring

Jet engine

Fig. 6.38 Cutaway in the Nord 1500 Griffon II powered by wraparound TBCC

6.4.4.2 Over-Under Turboramjet

In over—under configuration, the engines are installed one over the other, while the
vehicle body serves as part of the intake and the nozzle. In this configuration, the
combustion chambers are totally separated. However, two cases are encountered for
intakes and nozzles, namely:

(A) Separate intakes and nozzles (Fig. 6.39)
(B) Shared intake and nozzle (Fig. 6.40)

The ram-based cycle has a rectangle cross section. The intake(s) and nozzle
(s) are rectangle, while they may be shared between the engines. In shared intake
and nozzle, the system should contain flaps in the intake to divide the incoming
airflow between the two engines and other flaps in nozzle to control the exit area of
each engine.

In the late 1980s, the NASA Lewis Research Center discussed analytically and
experimentally the performance of over—under TBCC configuration with separated
intakes and nozzles and the interaction between the two intakes. Data from this
study was presented in [28].

The NASA Lewis Research Center in the mid-1990s extended its studies for
over—under TBCC configuration with shared intake and nozzle. Non-afterburning
turbojet engines are integrated with a single-throat ramjet. The result is a simple,
lightweight system that is operable from takeoff to Mach number 6. Flow in intake,
spillage drag, system performance, and modes of operation were discussed in a
series of publications ([29] and [30]).

Concerning installation of over—under layouts, the following types are seen:

Fuselage installation (Fig. 6.41)
Wing installation (Fig. 6.42)
Tail installation (Fig. 6.43)
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Turbine Based Cycle

Ram Based Cycle

Fig. 6.39 Over—under TBCC configuration with separate intake and nozzle

Non-afterburning Hydrogen fuel

turbojet engine - spraybar —

Inlet ' !

flap — | . :

Dividing ,  Primary “
streamline -\ \ . nozzle — :

/ Ejector// |
Ramjet throat — flap — — Ejector
region

"~ Thermal throat

Fig. 6.40 Over—under TBCC configuration with shared intake and nozzle

Fig. 6.41 Engine installed to fuselage HYCAT-1 and HYCAT-1A [34]
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= N i
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Fig. 6.43 Engine installed to the tail; HYCAT-2 [34]

6.4.5 Performance of TBCC (or Hybrid Engine)

As previously described, TBCC (or CCE) is composed of different engines
performing different cycles, and each has strong and poor operation range [24] as
illustrated in Fig. 6.44. Designer must then specifies which is which to be employed
in each flight range and whether this engine will operate alone or in a combined
mode with another engine.

Turbine-based engine (turbojet or turbofan) is used during takeoff, climb, as well
as low supersonic Mach numbers. However, engine thrust will start to decrease at a
certain Mach number depending on the overall pressure ratio of the engine and the
bypass ratio for turbofans. In the same time ramjet generates thrust up to Mach
numbers of 5—6 but generates zero or small thrust at takeoff or low subsonic speeds.
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Fig. 6.44 Strong regimes for different propulsion cycles [25]
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Fig. 6.45 The variation in TBCC with Mach number

As a result, designer set the turbojet/turbofan functioning at takeoff and operating
alone up to say 1.5 Mach number. Next, turbojet (or turbofan) engine operates in
conjunction with ramjet up to say a 3.0 Mach number. Finally, turbojet (or turbofan)
engine is switched off leaving ramjet operating alone up to a Mach number of 6.0.
Figure 6.45 shows cycle variation with Mach number for a Mach 6 civil airplane
design [31].

Moreover, scramjet keeps generating thrust theoretically up to Mach number of
20. Thus, RBC operates in the scramjet mode for a Mach number range of 6.0-15.0.
For space operation, this engine may have a booster rocket to help the engine in the
transition region or drive the vehicle alone if it moves in space (the aerospace
plane).
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6.4.6 Cycle Analysis of Turboramjet (or TBCC) Engine

The analysis for both cases of wraparound and over—under turboramjet is given
hereafter.

6.4.6.1 Wraparound Turboramjet

Designation of different states of engine is identified in Fig. 6.46. During low-speed
flight, controllable flaps close a bypass duct and force air directly into the com-
pressor section of the turbojet. During high-speed flight, the flaps block the flow
into the turbojet, and the engine operates like a ramjet using the aft combustion
chamber to produce thrust. In a combined mode, air may be split between both
engines. Afterburner of turbojet acts as the combustion chamber of ramjet.

The engine cycle has two modes of operation, either working as a simple single-
spool turbojet or as a ramjet. A plot for the cycle on the temperature, entropy plane,
is illustrated in Fig. 6.47.

6.4.6.1.1 Operation as a Turbojet Engine

In the turbojet mode, a chain description of the different processes through the
different modules is described in Table 6.5.

Different processes have been previously described in details. Input data for
turbojet cycle will be: ambient pressure and temperature, flight Mach number,
pressure ratio of compressor, turbine inlet temperature, maximum temperature in
afterburner, type of nozzle, and lowest heating value for fuel used. Moreover,
efficiencies of different modules (intake, compressor(s), combustion chamber,

HIGH MACH NUMBER

Fig. 6.46 Wraparound turboramjet
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________ Turbojet AB Off
Turbojet AB On
T _— = = RamJet Operation

TMax 06AB 09

Fig. 6.47 T-s diagram of the wraparound turboramjet engine

Table 6.5 Modules of afterburning turbojet engine and corresponding processes

Part States | Processes

Intake a2 Compression process with isentropic efficiency 7,

Compressor 2-3 Compression process with isentropic efficiency 7¢

Combustion 3-4 Heat addition at constant pressure process, with pressure drop AP, ..

chamber and burner efficiency 7,

Turbine 4-5 Expansion process with isentropic efficiency 7,

Afterburner 5-6 Heat addition at constant pressure process with pressure drop AP 45
and afterburner efficiency 7,

Nozzle 67 Expansion process with isentropic efficiency 7y

turbine(s), afterburner and nozzle, mechanical efficiency) together with pressure
drop in intake, combustion chamber, and afterburner. Calculations for temperature,
pressure for different states, flight and exhaust speeds, as well as fuel burnt in
combustion chamber and afterburner are given by Eqgs. (6.1), (6.2), (6.3a), (6.3b),
(6.4), (6.5), (6.6), (6.7a), (6.7b), (6.8), (6.9a), (6.9b), (6.9¢), (6.9d), (6.10), (6.11a),
(6.11b), (6.12), (6.13), (6.14), (6.15), (6.16), (6.17a), (6.17b), (6.18), (6.19a),
(6.19b), and (6.20).

Single-spool turbojet engine is discussed here. However, the same procedure can
be followed for double-spool turbojet engine.
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Cycle performance parameters are calculated as described below:
The specific thrust is:

(), = ssam -y -

Mg
The thrust specific fuel consumption (TSFC):

srey,, = L) (6.73)

The engine propulsive, thermal, and overall efficiencies are:

Ly
ny= — (6.74)
,;,%V‘f‘—(wzv) (14f +fap)

2
TV + U (14 f +£1p)
Onv(f +fap)

Mo = ’7p X M th (676)

Mm = (6.75)

6.4.6.1.2 Operation as a Ramjet Engine

In the ramjet mode, the flow is passing through the processes and states described in
Table 6.6.

Different processes have been previously described in details. Input data for
ramjet cycle will be: ambient pressure and temperature, flight Mach number,
maximum temperature in combustion chamber, type of nozzle, and lowest heating
value for fuel used. Moreover, efficiencies of different modules (intake, combustion
chamber, and nozzle) together with pressure drop in intake and combustion cham-
ber. Calculations for temperature, pressure for different states, flight and exhaust
speeds, as well as fuel burnt in combustion chamber are given by Egs. 5.19, 5.20,
5.21,5.22,5.23,5.24, 5.25, and 5.26.

Ram cycle performance parameters will be calculated in the same way as in
Chap. 5 and given here for the present states.

The thrust per unit air mass flow %

Table 6.6 Different modules of ramjet engine and the corresponding processes

Part States | Processes

Intake a8 Compression process with total pressure ratio r,
Combustion chamber | 8-9 Heat addition at constant pressure with pressure drop AP, ..
Nozzle 9-10 Expansion with isentropic efficiency ().
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() =a+savi—v (6.77)

Mgq

The thrust specific fuel consumption (TSFC):

(TSFC)g , = Tk (6.78)

(*)
Ma)RJ

The engine efficiencies propulsive, thermal, and overall efficiency:

L)y vy
N, = ( )RJ (6.79)
(),
() V+<V1° Y1+ 1) 050
Tin = QHVfR .
Mo =1 p X 1 (6.81)

6.4.6.1.3 Operation as a CCE or Dual Mode

Both turbojet and ramjet are operating simultaneously. The total thrust will be:

Tr=(T ) (T)RJ (6.82)
T = (o) [(1+F +fap)V7 = VI + (i) g (1 +Fr)V1io = V] (6.83a)
T = (a)g (1 +f +fap)V7+ (a)g (L +Fr)Vio — (Ma)oraV (6.83b)

The specific thrust is:

l _ Ttotal _ ('T)TJ + (T)R.J (6.84)
Ma  (Ma)a  (Ma)7y + (Ma)gy
The total fuel mass flow rate is:
my = (ma)r;(f +fap) + (Ma)gs X fr (6.85)
The specific thrust fuel consumption is:
(mf)Total _ (’hf)m + (mf)R.J (6.86)

(Dt (D + (g
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6.4.6.2 Over-Under Turboramjet

For the over—under configuration of turboramjet engine, the engine height is large
compared to the wraparound configuration. The reason is clear as the height in this
case is the sum of the heights of turbojet and ramjet engines. Usually a part of the
engine is to be buried inside the fuselage or inside the wing. Since the engine will
operate at high Mach number, it needs a long intake. In the fuselage installation
method, the vehicle underbody is completely integrated with the propulsion system
as the upstream lower surface serves as an external compression system intake and
the downstream surface as an external expansion nozzle (Fig. 6.50).

Three possible configurations for intake may be seen for different flight regimes
(Fig. 6.49). In the first case at takeoff and low subsonic flight, the turbojet engine
operates alone where a movable inlet ramp is deployed to allow for the maximum
airflow rate into its intake and negligible or zero airflow rate into the ramjet engine
(Fig. 6.49a). In the second case of higher Mach number, the engine operates at a
dual mode where both turbojet and ramjet engines are operative for few seconds
until Mach number reaches 2.5 or 3.0. In this case, moveable surfaces allow airflow
rates into both engines (Fig. 6.49b). Finally, in the third case of hypersonic speed,
the turbojet engine is shut down and only ramjet becomes operative (Fig. 6.49c). An
example for such layout is found in the four over—under air-breathing turboramjet
engines powering the Mach 5 WaveRider [32].

The complexity of both aerodynamic and mechanical design of two variable throat
nozzles and necessary flaps led to another design including only one nozzle [33]. The
suggested nozzle uses a single-expansion ramp nozzle (SERN) instead of a conven-
tional, two-dimensional, convergent—divergent nozzle. Figures 6.50 and 6.51 illustrate
a layout and T-s diagram of the over—under configuration of the turboramjet engine.

An over—under configuration has also three modes of operation, namely, a
turbojet, a ramjet, or a dual mode. Dual mode represents the combined or transition
mode in which both of the turbojet and ramjet are operating simultaneously.

6.4.6.2.1 Turbojet Mode

In this mode the engine is working as a simple turbojet engine and develops all the
thrust needed by the aircraft. The states and governing equations are the same as the
turbojet in the wraparound configuration.

6.4.6.2.2 Dual Mode

Both of the turbojet and ramjet are operating simultaneously. Turbojet starts declin-
ing and its developed thrust will be intentionally decreased by reducing the inlet air
mass flow rate via its variable geometrical inlet. The ramjet starts working by adding
fuel and starting ignition into its combustion chamber. The thrust generated in the
ramjet is increased by increasing also the air mass flow rate through its variable area
inlet. The generated thrust force will be then the sum of both thrusts of turbojet and
ramjet engines. Same equations for wraparound case are to be applied here.
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6.4.6.2.3 Ramjet Mode

In this mode, turbojet stops working and its intake is completely closed. All the air
mass flow passes through the ramjet intake. With a Mach number increase, the
forebody acts as a part of the intake with the foremost oblique shock wave located
close to the aircraft nose, as shown in Fig. 6.48. Also same equations for wrap-
around case will be employed here.

Forebody/inlet Afterbody/exhaust
integration integration

Fig. 6.48 Propulsion system integration with the vehicle body

o ' =
G

Fig. 6.49 Intake layout with different positions of intake flap at (a) subsonic, (b) low supersonic,
and (c) hypersonic speeds [32]
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Fig. 6.50 Over—under layout of turboramjet engine

________ Turbojet AB Off
Turbojet AB On
T —_ . = e = RamJet Operation

TMax 06AB *09

Fig. 6.51 T-s diagram of the over—under layout of turboramjet engine

6.4.7 General Analysis for a Turboramjet Engine

The turbine engine for a turboramjet may be either a turbojet or a of turbofan
engine. In the entire previous sections, only turbojet engine was discussed. How-
ever, if turbofan engine replaces the turbojet engine, then additional parameters
have to be specified, namely, fan pressure ratio and its isentropic efficiency besides
bypass ratio together with the other parameters listed in Sect. 6.4.6.1.1. Moreover,
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Fig. 6.53 Block diagram for CCE

for high supersonic speed, the ram-based engine will be a scramjet rather than a
ramjet engine. Figure 6.52 shows the control volume for the general turbo ramjet
engine. Figure 6.53 shows a block digram of the complete system.

The air mass flow through the turbine-based cycle is n1,7;7, while the air mass
flow through the ram-based cycle is ni,g;. From cycle analysis the fuel mass
flow rates will be calculated. Apply the mass conservation law (continuity
equations for both cycle to reach Egs. (6.87) and (6.88). Momentum equation
defines the thrust force for a full expansion of gases in nozzle(s), Eq. (6.89).
The specific thrust and TSFC can be obtained through Egs. (6.90) and (6.91):

mryy = nZT/ Mg + Mfee + Mpgp (687)

a

iRy = mn:” Tt + 1t g (6.88)

a
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T = maryVry + mariVey — mVe (6.89)
T ma n./l cc m a ma ' m
.—=( oy Ty f”)vrj+(.—’”+ .fR)VRJ—vF (6.90)
Mg mgy Mgy mgy a mgy

mf'c'c'/ma + mfab/ma + ij/ma
T/m,

TSFC = (6.91)

Example 6.12 A conceptual design of a turboramjet engine to power a future
supersonic transport; Fig. (6.54), provided the following data:

Flight altitude 20,000 m

Cruise Mach number 3.0

Engines Two turboramjet engines in over—under installation
with separate intakes and nozzles

Hydrogen fuel with 119 MJ/kg

heating value
Turbojet engine

Single-spool afterburning

Intake efficiency ny 92 %
Compressor pressure ratio  z¢ 7
Compressor efficiency ne 92 %
Burner efficiency Nee 99 %
CC pressure ratio Tce 0.975
Turbine inlet temperature TIT = 1500 K
Turbine efficiency nr 92 %
Mechanical efficiency N 99 %
Afterburner maximum temperature = 1750 K
Afterburner efficiency Nab 99 %
Afterburner pressure ratio 1z, 0.98
Nozzle efficiency nN 99 %

Fig. 6.54 Turboramjet engine



6.4 Turbine-Based Combined-Cycle (TBCC) Engines 501

Ramjet engine

Ramjet intake efficiency NRi 95 %
Ram burner maximum temperature = 1900 K

Ram burner efficiency 1R 99 %
Ram burner pressure ratio R 0.98
Ramjet nozzle efficiency gy 99 %

The ratio between air mass flow rate in ramjet and turbojet engines is gy /Hiary
= OR = 2.
1. For the combined engine (TBCC), calculate:

(a) Specific thrust

(b) Thrust specific fuel consumption
(c) Thermal efficiency

(d) Propulsive efficiency

(e) Overall efficiency

2. Compare the above results with the cases:

(a) The turbojet engine is operating alone.
(b) The ramjet engine is operating alone.

3. If the total thrust generated is 150 kN, calculate:

(a) Air mass flow rate through each engine
(b) Thrust generated by each engine

Solution
Ambient conditions at 20,000 m altitude are:

T,=1216.66 k P,= 5,475.5 Pa
Then at flight Mach number M; = 3.

Turbojet

Layout of afterburning turbojet and the corresponding T-s diagram are illus-
trated by Fig. (6.55).

(a) Intake 1-2

1 0.4
Tor = To1 = Ta<1 +7°TM%> — 216.66 <1 + o X 9) = 606.65 K

Py = Py

.

Te L.
.4

=1L\ 0.4
_Pa<1 4L M%) — 54755 <1 +0.92 x == x 9> — 167,190 Pa

o

2
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Fig. 6.55 Stations and T-s diagram of turboramjet engine

(b) Compressor 2-3

P03 = P()27Z'C = 1170400 Pa

_ 1)] — 1097 K

T4

1 0.4
7
o

606.65 | 1
{ T 09

]

(c) Combustion chamber 3—4

1 re—l
(][C e —

14—
Nc

Toz =Tp [

Tos =TIT = 1500 K

1141,100 Pa

Poy = Pzmcc =
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_ CPhT04 — CPCTO3 _ 1148 x 1500 — 1005 x 1097

/= NoeOuv — CrnTos  0.99 x 119 x 10° — 1148 x 1500

=5337 x 1073

(d) Turbine 4-5

Cre(Tos = T2) _ oo 1005(1097 — 606.65)

Tos = Tos —
T, Con(1+ 1) 0.99 x 1148(1.005337)

=1067.85 K

7h 4/3

1 Tos\ [T 1 1067.85\ 1773
Pos =Py |1 ——(1-22 = 1,141,100 |1 ——— (1 ——2) | " = 253,960 P
” 04{ m( T04)] { 0.92( 1500 )} a

(e) Afterburner 5-6

T06 = TMax Tj = 1750 K
P06 = P()577,'A}7 = 248, 880 Pa
P Cpi(Tos — Tos)(1 +7) 1148(1750 — 1067.85) x 1.00534
Ab —

NasQmv — CerTos(1 +£)  0.98 x 10° — 1148 x 1750 x 1.00534
= 6.87 x 1073

f) Nozzle 6-7

P7:P1:54755 Pa

7p—1 1/3
P\ 5475.5 \ 3
T7=Tos |1 —ny|1— (5 =1750|1-0.99{ 1 -
7 06[ ’7N< <P06> )] 750[ 099< (248,880) )]

=684.74 K

Vi = V7 =/2Cp(Tos — T7) = /2 x 1148(1750 — 684.74) = 1563.9 m/s

Ramjet

Figure (6.56) illustrates the states of a ramjet engine while its T-s diagram is
displayed in Fig. (6.57).

(a) Intake Ir-2r

—1 0.4
Tosr = Totr = Ta(1 4 re 5 M%) = 216.66 <1 + 9> = 606.65 K

1.4

Poyr = Poir = Pu(1 4y 5 M) = 5475.5 (140,95 x % x 9)*4
= 179,400 Pa
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Fig. 6.56 Ramjet operation
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Fig. 6.57 T-s diagram of ramjet operation

(b) Combustion chamber 2r-3r

T()3r = TMax Rj — 1900 K
P03r = P()Qrﬂ'R}, = 175,810 Pa

_ CppTozr — CpcToor
fro =
NroQnv — CraTo3r
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~ 1148%1900 — 1005%606.65
"~ 0.99%119 x 10° — 1148*%1900
fry = 13.59 x 1077

fro

(c) Nozzle 3r—4r

P4,. = Plr = 5,4755 Pa

rpl
Py \
T4y = To3, ll — MrN (1 - <P4 ) )]
03r

1/3
5475.5 \*3
= — 0. — | ——— =809.2 K
1900|} 099<1 (1,75,810) >‘|

Vs = Vi = /2Cp(Tos — T4) = /2 x 1148(1900 — 809.2) = 1582.6 m/s

Performance

Vi = M\/y.RTy = M\/y.RT = 885.15 m/s
1 ry = Mary(f +fap)
Mgy = Marif gy
my = MRy + Mty
My = Mary + Mary = Mars(1 -+ ag)
T = (razs + mgrs) Vs + (Mars + titgrs) Vs — gV
T = mars(L+f +fap)Vrr + 1ars (1 +frp)Ver — (Hrars + mars)Vi

(At +fap)Vrr | or(L+F )V
[1 4+ ag] [1 4+ ag]
TSFC — my tary (f + fap) +froMars
T tars(1 A f + fap)Virs + tars (1 + fry)Vrr — (Mars + iars)Vi
f+fan + arfry
(L+f+fap)Vrr+ar(l+frpy)Vrr — (1 + ag)Vy

= 1.84556 x 107 kg.s/N
AKE _ tiars (L4 f + Fap)Vrr® + titars (L + frp)Vri® — (iars + titars)Vi2

T/ = — Vi =711.7 N.s/kg

TSFC =

N = — ; 5 ;
) add 204y (Mary*f*Nee + Marr™f ap™Map + Mars*f gy *Ngy)
- (1+f +F )V + ar(1 + frp)Vri> — (1 + ag)Vi?  5,200,314.3
g 201y (F* 1 +fap*Nap + @R¥f rp*Nrp) 9,267,986.6

=56.11%
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T*V,
T AKE
~ 2Vi(mars (X +f + fap)Vrr + marr (1 + fry)Virr — (Hrary + mags)Vi)
s (1 f A+ Fap) Vs + titars (1 + frp)Vri® — (Fars + titars) Vi
_ 2Vi((L+f +Ffap)Vrs + ar(1 +frp)Vrr — (1 + ag)Vy) 3,779,721

(U f + fap)Vi + ar(l+fry)Vri® — (1 +ag)Vi? 5,200,314.3

’7pr

=72.68 %
T*V,
Mo = — = ’7pr*’7m =40.73 %
0 aaa
Turbojet only Ramjet only TBCC engine
T/mq(N.s/kg) 697.15 718.95 711.7
TSFC (kg/N.s) 1.7534 E® 1.89 E 1.84556 E
N 59 % 54.81 % 56.11 %
Mpr 73.03 % 72.52 % 72.68 %
Mo 43.09 % 39.75 % 40.78 %
(C) From the above table:
Total thrust: T = rigry % (T/1a) gy + ary % (T /11a)g,
With maR]/maTj =ar =2

Then T = ritgry X [(T/ma)g; +2 % (T/rirg)gy]
150,000 = ity x [697.15 + 2 x 718.95]

Air mass flow rate through turbojet engine mary = 70.26 kg/s

Air mass flow rate through ramjet engine mary = 140.52 kg/s

Thrust generated by turbojet engine Try = tigry ¥ (T/ma)y; = 48,974 N
Thrust generated by ramjet engine Try = tagy % (T/ma)g, = 101,026 N

Example 6.13 The turboramjet engine discussed in Example (6.12) will be used in
propelling the same aircraft during its operation from flight Mach numbers of 2—4 at
same 20,000 m altitude. For Mach number 2, only the turbojet engine will be used
while the ramjet is off. At Mach number 4, the ramjet will be only operating while
the turbojet will be off.

The drag coefficient for aircraft at different Mach numbers is given in Table 6.7.

Assuming aircraft is moving at constant speeds where thrust and drag forces are
equal, calculate:

1. Drag force at Mach numbers of 2 and 4
2. Air mass flow rate for both turbojet and ramjet engines
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Table 6.7 Drag coeffic
vs. Mach number

Solution
1. At Mach number
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1ent M

2.0

3.0

4.0

Cp

0.0569

0.038

0.026

=2

Turbojet engine with lit afterburner is only operating.
Same procedure will be followed as in the previous example. Only final results

will be given here:

Module Intake | Compressor | CC Turbine | AB Nozzle
Outlet temperature (K) | 390 705.23 1500 1196 1750 870.2
Outlet pressure (Pa) 37,744 | 264,208 257,603 95,210 93,306 5475.5
Fuel-to-air ratio - - 0.008726 |- 0.005598 | -
Velocity (m/s) 590.1 - - - - 1421.3

The thrust force

T =t [(1+f +fa)Vrs — Vi
— sty [(1 + 0.008726 + 0.005598) x 1421.3 — 590.1]

T = 851.56 ritary

Since

Ty

(CD)TJ

Tcombined

Drag and thrust forces are

Air mass flow rate through turbojet engine is

_ < My, )
M combined (CD ) combined

Dy; = Tr; = 0.6655 x 150,000 = 99,825 N.

But

2. At Mach number =4

Ramjet engine is

only operating.

T = 851.56 1,7y

Mty

99,825 _
= 85156

0.0569
0.038

T =D = 0.5pViACp = 0.5pM3a}AC

-0

= 0.6655

117.225 kg/s.

Same procedure will be followed as in the previous example. Only final results

will be given here:

Module Intake CcC Nozzle
Outlet temperature (K) 910 1900 588
Outlet pressure (kPa) 667.118 653.776 5.475
Fuel-to-air ratio — 0.01095 -
Speed (m/s) 1180 - 1736
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T = titars [(1 + fr) Vs — V1] = ritags[(1 + 0.01095) x 1736 — 1180]
= 574.6 ritary

T = 574.6 tiagy
T =D = 0.5pVIACp = 0.5pM3a3ACp

T ( Mgy )2 (Cp)ry (4)2 0.026
= — = (=] X—-=1.216374
T('omhined Mcombined (CD) 3 0.038

combined

Drag and thrust forces are Dg; = Tg; = 1.216374 x 150,000 = 182,456 N.

But Tr; = 574.6 niggs

Air mass flow rate through ramjet engine is ni gy = 12;27’4“‘656 =317.53 kg/s.

6.4.8 Design Procedure

A simplified design procedure for a turboramjet engine will be given here [35—
37]. The following steps summarize the procedure for high supersonic/hypersonic
cruise aircraft propulsion integration:

1. Mission or flight envelope has to be selected. The cruise altitude is important
from fuel economy point of view, while takeoff, climb, and acceleration are
critical from the surplus thrust that must be available over the aircraft drag force.

2. Calculate the drag force based on drag coefficient variations with Mach number.

3. The needed thrust force must be greater than the drag value all over its Mach
number operation. A margin of 10 % is selected here.

4. Determination of the number of engines based on the maximum thrust suggested
for the hybrid engine at its different modes.

5. The performance of each constituents of the hybrid engine is separately deter-
mined. For example, if the hybrid engine includes a ramjet, turbojet, and
scramjet, each module is examined separately. Thus, the performance of turbojet
engine running alone is considered first. The specific thrust and thrust specific
fuel consumption are determined for the cases of operative and inoperative
afterburner. Next, the performance of the ramjet operating alone also is consid-
ered. Since the ramjet operates up to Mach number of 6, liquid hydrogen is
considered as its fuel. If a scramjet is available, then its performance is deter-
mined separately also.

6. Optimization of the hybrid engine represents the next difficult step. From the
specific thrust and thrust specific fuel consumption, the switching points are
defined. Thus, in this step, the designer selects at which Mach number the
turbojet operates or stops the afterburner and, moreover, at which Mach number
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the turbojet must be completely stopped and replaced by the ramjet. If a scramjet
is also available, another decision has to be made concerning the switching Mach
number from ramjet to scramjet. The switching process duration and the accom-
panying procedures regarding the air and fuel flow rates and inlet doors actuation
are to be carefully defined.

6.4.9 Future TBCC Engine

The Lockheed Martin SR-72 (Fig. 6.58) is a conceptualized unmanned, hypersonic
aircraft intended for intelligence, surveillance and reconnaissance proposed by
Lockheed Martin to succeed the retired Lockheed SR-71 Blackbird. The SR-72
was dubbed by Aviation Week as “son of Blackbird [38]”. It could be operational by
2030. Moreover, it would fly at speeds up to Mach 6.

The SR-72 will use a turbine-based combined-cycle (TBCC) system. Thus, a
turbine engine will be used from takeoff up to Mach 3, while a dual-mode ramjet
engine will accelerate the vehicle to hypersonic speeds. The turbine and ramjet
engines share common inlet that provides air to both turbine and ramjet and a
common nozzle to discharge exhaust from both engines. Variable inlet and nozzle
ramps open and close to match the cycle requirements.

6.5 Conclusion

This chapter is devoted to turbine-based cycle (TBC). Three major types of engines
are analyzed, namely, turbojet, turbofan, and turboramjet engines. Application to
both airliners and missiles is discussed. Detailed classifications and thermodynamic
and performance analyses are discussed.

Problems
6.1 Complete the following table.

Engine Description Examples Application Advantages Disadvantages

Turbojet
Turbofan
Propfan

Turboprop
Turboshaft

6.2 A. What is the difference between a jet engine and a rocket engine?
B. Can a jet engine use hydrogen fuel instead of a fossil one? If so, is its
structure or operation any different from the turbofan or turbojet?
Turbojet


http://en.wikipedia.org/wiki/Unmanned_aerial_vehicle#Unmanned%20aerial%20vehicle
http://en.wikipedia.org/wiki/Hypersonic#Hypersonic
http://en.wikipedia.org/wiki/Intelligence,_surveillance,_target_acquisition,_and_reconnaissance#ISR_.28Intelligence.2C_surveillance_and_reconnaissance.29%23Intelligence,%20surveillance,%20target%20acquisition,%20and%20reconnaissance
http://en.wikipedia.org/wiki/Lockheed_Martin#Lockheed%20Martin
http://en.wikipedia.org/wiki/Lockheed_SR-71_Blackbird#Lockheed%20SR-71%20Blackbird
http://www.aviationweek.com/Article.aspx?id=/article-xml/awx_11_01_2013_p0-632731.xml
http://www.aerospaceweb.org/question/propulsion/q0161.shtml
http://www.aerospaceweb.org/question/propulsion/q0047.shtml
http://www.aerospaceweb.org/question/propulsion/q0047.shtml
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Turbine-Based Combined Cycle Propulsion
Combined cycle means a turbine is combined with a ramjet to enable
operation from static to hypersonic speeds (March 5+)

Turbine Engine
Thrust is provided by the turbine engine
from takeoff up to about Mach 3

Dual-Mode Ramijet Common Nozzle

The Dual Mode Ramjet accelerates The turbine engine and

the vehicle up to hypersonic speeds ramjet are fed through
a single inlet nozzle to

significantly reduce drag

Common Inlet

Fig. 6.58 Lockheed martin SR-72

6.3 Choose the correct answer:

(a) “Afterburning” in a jet engine involves burning additional fuel in the:

(A) Jet pipe

(B) Turbine

(C) Combustion chamber
(D) Compressor
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(b) The function of the turbine in a turbojet engine is to:

(A) Vaporize the fuel as much as possible
(B) Drive the gas stream into the atmosphere
(C) Energize the gas steam

(D) Drive the compressor

(c) Which of these is a turbojet engine?

(A) Olympus 593
(B) Spey

(C) Tyne

(D) Pegasus

6.4 An aircraft equipped with a turbojet engine rolls down the runway at 180 km/
h. The engine consumes air at 55 kg/s and produces an exhaust velocity of
160 m/s.

(a) What is the thrust of this engine?
(b) What are the magnitude and direction if the exhaust is deflected 60, 90,
and 120° without affecting mass flow?

6.5 A turbojet engine propels an aircraft at 600 mph. The fuel heating value is
44 MJ/kg, the speed ratio “//—‘ = 2, and the fuel-to-air ratio f=0.02.
Determine:

(a) Propulsion efficiency
(b) Thermal efficiency
(c) Overall efficiency

6.6 Compare between the ideal performance of ramjet and turbojet engines in
the following operating case:

+ Flight Mach number for both is 1.5.

e Ambient conditions are Ta =216.7, P, = 14.1 kPa.

¢ Maximum total temperature: turbojet =1400 K, ramjet =2500 K.
» Compressor pressure ratio of turbojet =10.

Assume

All processes are ideal

Unchoked nozzles

Fuel heating value =45 MJ/kg

Constant properties (y = 14, C,, = 1.005 kJ/(kg.K)
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Compare the performance of both engines by calculating:
(a) TSFC
(b) Specific thrust
(c) Propulsive efficiency
(d) Thermal efficiency
If the turbojet engine is fitted with an afterburner that develops same
maximum temperature as ramjet (2500 K), compute the above four require-
ments (a—d). Comment:
6.7 A twin-engine turbojet airplane flies at M =0.8, L/D =5, airplane weight

W=15t
Operating data:

P,=1 bar, T, =288 K, y =14, C, =1.005 kJ/kg K,Qr =43 MJ/kg

6.8

TIT = 1400 K, Ty = 12, Ng = 09, n. = 092’ Ny = 099’ n, = 0.95
My = 0.96 > Mm = 099’ APcc =4 %,

Calculate

» The stagnation pressures and temperatures at each engine station
+ The thrust per engine
« TSFC

If the afterburner of the jet engine is activated and the fuel flow is mi
= 1.63 kg/s both in the combustor and the afterburner, calculate the
increase in thrust and the change in TSFC because of the operating
afterburner.

A General Electric J79-GE-15 turbojet engine is one of two engines propel-
ling McDonnell FAC airplanes (wing area S =530 ft*, inlet area for each
engine A; =6.5 ftz) cruising at a constant Mach number M,=0.84 at an
altitude of 35,000 ft. The drag coefficient of the aircraft under these condi-
tions is 0.044. Assume that the nozzle is unchoked and the turbine exit
stagnation temperature is 990 K.

Determine

(a) Net thrust of the engine

(b) Gross thrust of the engine

(c) Weight (or mass) flow through the engine
(d) Exhaust velocity

(e) Exit static temperature

(f) Exit Mach number

(g) Propulsive, thermal, and overall efficiencies
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6.9 The airplane SR-71 fitted with two Pratt & Whitney turbojet engine J58 that

incorporates an afterburner. All processes are assumed ideal with constant
values of both (C,, and y).

(A) Draw a schematic diagram for the engine identifying each states by a
number from (1-7).

(B) Draw the corresponding cycle on T-s and P-v diagrams.

(C) Prove that:

The thrust ratio for operative (z45) and inoperative afterburner (z) is
expressed by the relation:

o (@) -]

T @E @

where subscript (@) denotes ambient conditions and (6A) denotes inlet
conditions to nozzle when the afterburner is operative.

Next, when M = 0 and outlet temperatures of both compressor and turbine
are equal, then:

6.10 The below table gives details of temperature and pressure at interior states of
an afterburning turbojet engine
Diffuser Compressor Compressor Turbine Afterburner Afterburner Nozzle
inlet inlet outlet inlet inlet outlet outlet
T[K] |220 226 424.3 1300 1082 2200 1650
P 23.1 25.1 188.25 182.5 82.5 79 23.1
[kPa]
Assuming variable values of both (C,, and y), calculate:
(a) Efficiency of diffuser, compressor, and turbine
(b) Percentage of pressure drop in combustion chamber and afterburner
(c) Total rate of burnt fuel in engine if O = 44 MJ/g, pumer = 0.96 and air
mass flow rate = 135 kg/s
(d) The thrust force if the inlet area is 0.25 m’
6.11 An aircraft powered by a turbojet engine is flying with 900 km/h. The engine

takes 50 kg/s of air and expands the gases to the ambient pressure. The fuel-to-air
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ratio is 50 and heating value is 43 MJ/kg. For a maximum thrust condition
(ug=05u,), calculate:

(A) Jet velocity

(B) Thrust

(C) Specific thrust

(D) Propulsive and thermal efficiency
(E) TSFC

6.12 An aircraft powered by a turbojet engine is flying with 280 m/s at an altitude
of 25 km, where the ambient pressure and temperature are 25.11 kPa and
221.7 K, respectively. The engine takes 200 kg/s of air and burns 6 kg/s of fuel
having a heating value of QO = 43,000 kJ/kg), the jet speed is 600 m/s, and
exhaust pressure and temperature are 750 K and 30 kPa, respectively.

Calculate the specific thrust (% ), the thrust specific fuel consumption
(TSFC), propulsive efficiency (17,,,), and thermal efficiency (#7,5,).

6.13 A turbojet engine propels an aircraft flying at a Mach number of 0.9 at an

altitude of 11 km. Engine has the following data:

Stagnation temperature rise through the compressor = 190 K.

Fuel heating value =42.8 MJ/kg.

Turbine inlet temperature (TIT) = 1300 K.

Flight speed = half exhaust speed.

Efficiencies:; = 0.9, . = 0.8, n,. = 0.97, n, = 0.84,5, = 0.97,5,, = 0.99
Assume variable specific heat ratio (y. = 1.4, y, = %,R=287 J/(kg.K)).

Calculate
(A) Compressor pressure ratio
(B) Fuel-to-air ratio
(C) Exhaust Mach number

6.14 The following data apply to a turbojet flying at an altitude where the ambient

conditions are 38.25 kPa and 239.4 K.

» Speed of the aircraft: 900 km/h.

» Compressor pressure ratio: 6:1.

» Heat of reaction of the fuel: 43 MJ/kg.
» Turbine inlet temperature: 1400 K.

* Nozzle is choked.

+ Nozzle outlet area 0.1 m?.

Assuming y. = 1.4, y, =%, R=0287 W/keK,, calculate:

* Inlet area
e Thrust force
e TSFC
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6.15 A turbojet engine inducts 50 kg of air per second and propels an aircraft with a
flight speed of 900 km/h. The fuel-to-air ratio is 0.012 and the heating value of
the fuel is 43 MJ/kg. The enthalpy change for the nozzle is 211.25 kJ/kg.
Determine:

» The propulsive efficiency
» The thermal efficiency

e TSFC

» The propulsive power

6.16 Figure (6.59) illustrates a turbojet engine with two pitot tubes for measuring
total pressures at inlet to compressor (Pg,) and outlet from turbine (Pys).
These measurements are next displayed for the flight crew as exhaust pressure

ratio (EPR defined as: EPR = ﬁ—gz).

PRESSURE

RATIO

a

Figure (6.59) Problem (6.16)

Prove that for ideal conditions, exhaust Mach number is expressed by:

Next, if constant properties are assumed (y, =y, = 7), then the above equa-
tion is simplified to:

M, = \/(;/31) [(EPRﬁ(l + y_lez) - 1] (B)
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Calculate the exhaust Mach number from equation (A) for the case:
EPR=1.6, M=2.0, y, =14, y, =4/3. Next, recalculate it using the
equation (B) for the same data and a constant specific heat ratio y = 1.4.

Comment.
Now consider the case: M =2, z,=6.0, T,=288 K, T = 1400
K, y =14,
Or =43 MJ/kg
Calculate

(A) Exhaust Mach number using equation (B)
(B) Turbine pressure ratio
(C) The power delivered to accessories

6.17 A. Compare between ramjet and afterburning turbojet engines.

Figure (6.60) Problem (6.17)

B. Gripen multirole fighter (shown in the figure below) is armed with
RBS15 MK3 antiship missile which is powered by a French Microturbo
TRI 60 engine as shown in Fig. (6.60). It is a single-spool turbojet engine
with a sustained flight of 0.9 Mach number and nearly sea-level cruise
altitude. The engine has the following data:

Thrust force =4.4 kN Compressor pressure ratio = 6.3
Air mass flow rate = 8.4 kg/s TSFC =0.11 kg/(N.hr)
Fuel heating value Qg =43 MJ/kg

Gases expand in nozzle to ambient pressure.
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Assuming all processes are ideal and constant values of (y, C,,), calculate:

(a) Fuel-to-air ratio

(b) Maximum temperature and pressure within the engine
(c) Exhaust speed and Mach number

(d) Inlet area

6.18 The Storm Shadow missile, Fig. (6.61) has been integrated onto the RAF’s
Tornado GR4 and the Eurofighter Typhoon aircraft. It is a long-range air-to-
surface missile that is powered by a single-spool turbojet for sustained flight.
For a sea-level cruise operation (P, = 101.325 kPa and T, =298 K), it has the
following data:

Flight Mach number = 0.8.

Thrust =5.4 kN.

Compressor pressure ratio =6.3.
Fuel-to-air ratio f=0.02.

Fuel heating value Qg = 43 MJ /kg.
P,=P,.

All processes are ideal.

Constant values of (y, C,).

Calculate

. Maximum temperature and pressure within the engine
. Exhaust speed and Mach number

. Air mass flow rate

. Inlet area

TSFC

wn A~ W=
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6.19

6.20

6.21

6.22
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A turbojet is flying with a velocity of 300 m/s at an altitude of 9150 m, where
the ambient conditions are 32 kPa and —32 °C. The pressure ratio across the
compressor is 14, and the temperature at the turbine inlet is 1400 K. Air enters
the compressor at a rate of 45 kg/s, and the jet fuel has a heating value of
42,700 kJ/kg. Assuming ideal operation for all components and constant
specific heats for air at room temperature, determine:

(a) The temperature and pressure at the turbine exit
(b) The velocity of the exhaust gases

(c) The propulsive power developed

(d) The propulsive efficiency

(e) The rate of fuel consumption

Reexamine this engine if the following efficiencies are considered:
ng =092, n, =0.88, n, =098, n,=0.9,5n, =0.96

What will be the new propulsive power and the rate of fuel consumption?

Compare the specific fuel consumption of a turbojet and a ramjet which are
being considered for flight at M = 1.5 and 17,000 m altitude (ambient condi-
tions of pressure and temperature, 8.786 kPa and 216.7 K, respectively). The
turbojet pressure ratio is 8 and the maximum allowable temperature is 1173 K.
For the ramjet the maximum temperature is 2300 K. For simplicity ignore
aerodynamic losses in both engines. Conventional hydrocarbon fuels are to be
used (heating value 43 MJ/kg). Assume y = 1.4 and C, = 1.005 kg/(kg.K).

A turbojet engine propels an aircraft at 300 m/s. The heating value of the fuel

is 44 MJ/kg, the speed ratio ¥ = 0.5, and the fuel-to-air ratio % =0.02.

Determine:

(a) The ideal propulsion efficiency
(b) The thermal efficiency
(c) The overall efficiency

A twin-engine turbojet airplane flies at M = 0.8. It has the following data:
14=0.9, n.=0.92, n,=0.95, r,=0.95, ,=0.96, 7. =11, TIT = 1400 K,
Qr=42,000 kJ/kg
T,=15°C, P,=1 am., y=14, C,=1.1 kJ/(kg.K), L/D =5, Airplane
Weight W=151

Calculate

» The stagnation pressures and temperatures at each engine station
» The thrust per engine
o TSFC
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6.23 In a turbojet engine, prove that for ideal cycle the specific thrust is expressed
by the relation:

T 2
—= ao{\/—u(fﬂcﬂ -1) - Mo}
mg VY — lTr'Tc

To . To3 . Tos
i b C e 9 A -
Ta T02 Ta

Where : T,

Next, consider the case of removing the turbine driving the compressor and
replacing it by an electric motor, as shown in Fig. (6.62). For an ideal
approximation to this new engine, assume that compression and expansion
are isentropic, and approximate the effect of combustion as heat addition at
constant stagnation (total) pressure. For this model, show the specific thrust is
given by:

Figure (6.62) Turbojet innovation

Determine the specific thrust for both engines in the following case:

T, =288 K, My =0.2, Ty max = 1600 K, 7. =4, y =138, C,
=1.042 kJ/kg.K

What are your comments?
6.24 Compare between the following three engines: turbojet, turbojet with after-
burner, and ramjet. Their operating conditions and common features are:

Altitude range: sea level —40,000 ft.
Mach number range: 0.0-2.0.

Fuel heating value =43,260 kJ/kg.
Nozzle is convergent.

Intake inlet diameter = 0.6 m.
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6.25
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Typical turbojet engine (without afterburner)

Fuel mass flow rate = air bleed mass flow rate (m; =mj )

Maximum fuel-to-air ratio = (stoichiometric ratio/3) or (f,,,x < 0.068/3):

AP, =0, AP. =3%

ng = ny, =n, = 100%, n.=87%, n,=90%
7. =50, TIT=1100 K

We =W,

Turbojet engine with afterburner

Same data as above, together with the following data:

fab = 0.068 7frr
N = 100 %
APy, =4 %

Ramjet engine

foo. =0.068

AP; = AP, =0 %
na =My =1, = 100%
(Vinlet)cc =175 ft/S

Plot the following relations for the three engines:

@) frotats Tos/To2, Pos/Po2, Fi/Asronts F/Agront Versus Mach number (from 0.0
to 2.0)

(b) Exhaust nozzle area versus Mach number (from 0.0 to 2.0)

(c) Exhaust nozzle area for Mach number = 0.8 versus altitude (from 0.0 to
40,000 ft)

(d) F,/Aton: versus altitude (from 0.0 to 40,000 ft)

(e) TSFC versus altitude (from O to 40,000 ft)

(f) TSFC versus Mach number (from 0.0 to 2.0)

Turbofan
The following data apply to a twin-spool turbofan engine, with the fan driven
by the LP turbine and the compressor by the HP turbine. Separate hot and cold
nozzles are used:

+ Opverall pressure ratio: 20.0
 Fan pressure ratio: 1.6
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6.26

6.27

M,

P

» Bypass ratio: 3.5

e Turbine inlet temperature: 1300 K

e Air mass flow: 120 kg/s

* Find the sea-level static thrust and TSFC if the ambient pressure and
temperature are 1 bar and 288 K. Heat value of the fuel: 43 MJ/kg

A twin-spool mixed turbofan engine operates with an overall pressure ratio of 18.
The fan operates with a pressure ratio of 1.45 and the bypass ratio of 5.0. The
turbine inlet temperature is 1400 K. The engine is operating at a Mach number of
0.85 at an altitude where the ambient temperature and pressure are 223.2 K and
0.2645 bar.

Calculate

» The thrust
o TSFC
 Propulsive efficiency

The shown block diagram illustrated in Fig. (6.63) represents a single-spool
mixed afterburning turbofan engine flying at altitude 24,000 ft and Mach
number 1.8. The fan pressure ratio and mass flow rate are 1.8 and 90 kg/s,
respectively. Compressor pressure ratio and mass flow rate are 8.0 and 45 kg/
s. Tubine inlet temperature and maximum engine temperature are 1500 and
2600 K. Fuel heating value is 45,000 kJ/kg. Nozzle is of the convergent—
divergent type.
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Figure (6.63) Block diagram for a single-spool mixed afterburning turbofan engine
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6.28

6.29
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No pressure drop is assumed in combustor, mixer, or afterburner. All other
processes are assumed ideal. It is required to:

Draw a schematic diagram for engine showing different states
Plot T-s diagram for the cycle

Calculate bypass ratio

Calculate fuel-to-air ratios in combustor and afterburner
Calculate the thrust and TSFC

Calculate the propulsive, thermal and overall efficiencies

S S

Illustrate how the propulsion efficiency and SFC vary with the flight Mach
number for:

1. A conventional turbofan
2. A geared fan with ultrahigh-bypass ratio
3. An unducted fan

Explain the trends in the curves.
Figure (6.64) shows a fighter airplane propelled by a low-bypass ratio mixed
afterburning turbofan engine during takeoff from an air carrier. Temperature
and pressure of ambient air are 290 K and 101 kPa. Air is ingested into the
engine intake at a Mach number of 0.2. Turbofan engine has the following
data:

Fan pressure ratio 7y = 1.8.

Compressor pressure ratio 7, = 5.

Fuel-to-air ratio in combustion chamber /= 0.02.

Afterburner fuel-to-air ratio f,;, = 0.04.

Fuel heating value Qp = 45 MJ /kg.

Percentages of power extracted by fan and compressor from the driving
turbines are respectively 1; = 4, = 0.8.

Assume ideal processes and variable properties: (y, Cp,).

high-pressure ~ combustion
low-pressure fan  compressor _chamber  afterburner

core turbine  fan turbine mixer variable exhaust
nozzle

Figure (6.64) Fighter airplane powered by a low-bypass ratio mixed afterburning turbofan engine

Calculate:

1. Bypass ratio
2. Jet speed
3. TSFC
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6.30 A. Classify turbofan engines
B. Compare between turbojet and turbofan engines (maximum Mach
number, ceiling, noise, fuel consumption)

Low-pressure spool (LP)

High pressure (HP)

- Intermediate pressure (IP)

Figure (6.65) Antonov An-225 aircraft (carrying space shuttle) and powered by six engines
(Progress D-18T triple-spool unmixed high-bypass ratio turbofan)

C. The shown figure illustrates Antonov An-225 aircraft powered by six
engines (Progress D-18T triple-spool unmixed high-bypass ratio turbofan
engine). Bleed air is 8 % extracted from HP compressor to cool HP turbine
(5 %) and IP turbine (3 %). It has the following data:

Parameter Value Parameter Value Parameter | Value Parameter Value
Na 0.88 Ap.. 0.03 nr 1.35 N 0.84
nf 0.9 APfanduct 0.0 Tipc 5.0 =12 1.0

e 0.88 cp. (J/kg.K) 1005 TypC 4.1 M 0.96
M 0.98 cpn (J/kg.K) 1148 p 5.7 N 0.99
n, 0.92 R (J/KJ/K) 287 TIT (K) 1600 b 8 %
Ve 1.4 Yh 4/3

For takeoff conditions (M =0.2) at sea level, calculate:

1. The pressure and temperature at outlet of cold and hot nozzles
2. Specific thrust and thrust specific fuel consumption

6.31 A double-spool turbofan engine; Fig. (6.66), is used to power an aircraft flying
at speed of 250 m/s at an altitude of 11,000 m. As shown in the figure below,
the low-pressure turbine drives the fan and low-pressure compressor, while
the high-pressure turbine drives the high-pressure compressor. The engine has
the following data:

» Bypass ratio=38.

+ Total ingested air flow rate = 180 kg/s.
* Opverall pressure ratio OPR = 35.

+ Fan pressure ratio = 1.6.
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Pressure ratio of high-pressure compressor is four times that of the
low-pressure compressor; 7ypc =4 7 pc.

Turbine inlet temperature = 1650 K.

Fuel heating value =43 MJ/kg.

Assuming all processes are ideal and neglecting any pressure drop, it’s

required to:

1.

Find the thrust, TSFC, and efficiencies of the engine

2. Plot the velocity and temperature distribution over the engine cross section

(rear end)

O OG 19

Figure (6.66) Double spool high bypass ratio turbofan engine

6.23 A double-spool turbofan engine is used to power an aircraft flying at speed of
250 m/s at an altitude of 11,000 m. As shown in Fig. (6.67), the low-pressure
turbine drives the fan and low-pressure compressor, while the high-pressure
turbine drives the high-pressure compressor. Inlet and outlet temperature and
velocity of engine are plotted beside the engine layout. The engine has the
following data:

Bypass ratio = 8.

Total ingested air flow rate = 180 kg/s.

Overall pressure ratio OPR = 35.

Pressure ratio of high-pressure compressor is four times that of the
low-pressure compressor; 7ypc =4 a7 pc-

Fuel heating value =43 MJ/kg.
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Assuming all processes are ideal and neglecting any pressure drop, it’s
required to find:

1. Whether the nozzles are choked or not
2. Fan pressure ratio

3. TIT

4. The thrust force

Vv T
250 mf's % -50°C
306my/s -40°C
x gt g
Core 543.2 m/s 500°C
stream
-
306m/s -40 °C
g 250 m/s % -50°C

Figure (6.67)

6.33 A single-spool mixed afterburning turbofan engine is to be compared with a
single-spool afterburning turbojet engine in its preliminary design stages
(Fig. 6.68). The following characteristics are to be considered.:

» Ideal processes, M =1.2

o Altitude=8 km (where T7,=23623 K and P,=35.651 kPa):
cp, = 1.005 kJ/kg/K, y.=14, cp, = 1.148 kJ/kg/K, and y, :‘3—‘

 Fuel heating value Qg = 43,000 kJ/kg

 Total air flow rate of both engines: m9 = 60 kg/s

For turbojet

Compressor pressure ratio (z.=20), turbine inlet temperature
(Tp4 = 1400 K), maximum cycle temperature (T =2200 K), and unchoked
nozzle (p7=p,)

For turbofan

Fan pressure ratio (zy=2), compressor pressure ratio (z.= 10), turbine
inlet temperature (Tops=1400 K), maximum cycle temperature
(Tyo =2200 K), and unchoked nozzle (pi19=p.)

Calculate

1. Thrust force
2. Propulsive efficiency
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3. Thermal efficiency
4. Overall efficiency

2 3 7
| 14._00 : 2500

IIrTlTrEs-—...u

= 60 1” : =9
T, = 230 e PR > e =
M=12 WS

Figure (6.68) Turbojet/Turbofan Layouts

Turboramjet
6.34 The drag of a hypersonic future businesses jet is to be simplified by the

following equations:

Flight Mach number Drag (N)
M=0-0.75 D=10°.41M*—1.1M+2.1)
M=0.75-125 D=10°.(—9.7M*+20M —5.9)
M=125-6 =10 (2 - F+ 2 - 32+23)

Plot the drag versus Mach number
6.35 If that aircraft in (6.34) is to be driven by two turbojet engines with after-

burner, each has the following parameters:
TIT = 1800 K, T =2600 K, 7o =12, #,=09, n.=091, 5,
=0.99, 5 =0.92

n, =096, n,=0.99, AP.,.=2 %, APsp =3 %. Fuel is hydrocarbon

fuel having a heating value of 45.0 MJ/Kg.
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Calculate and Plot

— The air mass flow rate (m)
— The fuel flow rate (mj?)
— The thrust specific fuel consumption (TSFC)

The afterburner is on for a Mach range of M =0 to M =4.
Note: the airplane is designed to flay with dynamic pressure 50,000 N/m>.
6.36 The aircraft of problem (6.34) is to be driven by two ramjet engine having the
following parameters:

Tmax = 2600 K, 17, =09, 1,=099, 1, =098 AP, =25 %,

Calculate and Plot

— The air mass flow rate (m9)
— The fuel flow rate (mf‘?)

— The thrust specific fuel consumption (TSFC)

The engine is using also hydrocarbon fuel with heating value of 45 MJ/kg.

6.37 The aircraft of problem (6.34) is to be driven by an over—under turboramjet

configuration that is constructed of the turbojet in problem (6.34) and the
ramjet in problem (6.34) and work on the following regimes.

Regime Engine condition

M=0toM=0.5 Turbojet with AB off
M=05toM=15 Turbojet with AB on
M=15toM=3 Turbojet with AB off

Mass flow in turbojet decreasing from 100 %

md at M=1.5-0% m’ at M =2.5

Ramjet is operating as a support for the turbojet engine
M=3toM=6 The turbojet is off

The ramjet is driving the A/C alone

Calculate and Plot

— The air mass flow rate (mJ)
— The fuel flow rate (my)
— The thrust specific fuel consumption (TSFC)

Comment!
6.38 A wraparound turboramjet engine has the following data when the turbojet
engine was operating and the afterburner was lit at an altitude of 60,000 ft.

Flight Mach number 2.5

Turbine inlet temperature 1300 K
Maximum temperature 2000 K
Air mass flow rate 60 kg/s
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If the pilot is planning to switch operation to ramjet and stop the turbojet,
what is the procedure he has to follow for this transition time?
If the maximum temperature of the ramjet is 2500 K, what will be the
needed air mass flow rate to keep the same thrust as the turbojet mode?
Do you expect a dual mode is visible? Explain why or why not.
6.39 Compare between turboramjet and scramjet engines with respect to the
following points:

 Flight altitude
¢ Maximum Mach number
 Fuel consumption
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